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European Workshop on Optical Fibre Sensors

Welcome to our workshop and to Peebles in the heart of the Scottish Border country.

Julian Jones and I have organised this workshop as a relatively informal get together
and we hope to give everyone who attends the opportunity to exchange ideas and
formulate a view on where we are going, why and possibly even when.

It is now well over thirty years since the first patents on the “Fotonic” sensor were
filed and like all good inventions this particular sensor has been much reinvented. The
fibre optic gyroscope came of age a year or so ago and is now a routine production
item. However the gyroscope is perhaps the only really mass produced sensor to
evolve from optical fibre sensor technology. All the other candidates for production -
some of which have already emerged - may well appear as the hand crafted items more
typical of the sensor industry in general. Or will they? One of our aims in the
workshop is to find out.

This digest contains the papers which will be presented at the workshop. All the
papers in this volume - with the exception of the five invited presentations - will appear
as posters grouped together by topic as the basis for discussion sessions. It is however
interesting to reflect that now most of the work reported herein and in OFS technology
overall takes place in an applications oriented context. It is now very rare that the
research community investigates sensor technology for its own sake. Perhaps then
much of the work reported here is really embryonic product - we can hope so.

Even the fibre Bragg grating has now been with us for well over a decade - but it
remains a source of great excitement in the OFS community. For strain and
temperature sensing there is no doubt that the FBG will find a niche. The concepts
have certainly served the research community very well since typically a quarter or
more of current OFS publications involve some aspect or other of grating technology.
In the communications sector, the FBG is now a volume item which can be precisely
defined and which can have very stable temperature and ageing characteristics. These
components must find their way into sensor technologies.

Julian Jones and I have greatly enjoyed bringing this workshop together and hope that
all the attendees will find our programme stimulating and enjoyable. We should also
like to thank all those who helped bring the meeting together, the Technical Organising
Committee who reviewed the contributions with speed and skill, Deepak
Uttamchandani who maintained the website and last, but by no means least, Aileen
Mitchell who, as conference secretary, brought everything together and having brought
it together held everything firmly in position thereafter.
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And as for Peebles - here we are in a small town of a few thousand souls taking
advantage of a well established retreat originally conceived as an escape route for the
industrial and commercial magnates of central Scotland. We hope that our guests at
the workshop will also take some time to explore what this quiet corner has to offer.

Brian Culshaw, Glasgow ' Julian Jones, Edinburgh
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Optical fibre sensors : has their time come ?

Hervé C. Lefévre

Photonetics
52 avenue de 1'Europe, BP 39
78160 Marly-le-Roi (France)
Phone : +33-(0)1-39-16-33-77
Fax : +33-(0)1-39-16-56-06
E-mail : hc-lefevre @photonetics.com

As pointed out by our chairman, this workshop aims at being prospective, but for this
introductory talk, its seems important to see where we are and where we come from. Optical
fibre sensors started in the late seventies with a strong worldwide growth of R & D activity in
the eighties. It was also the time of enthusiastic marketing analysis : you know, the ones with
nice exponential curves with an automatic shift of 11 months each year !

Following these early forecasts, today market should be more than 10 times bigger than what it
is actually. Does that mean that we have to be pessimistic ? Not at all, pessimism does not apply
to the past, and the ones who are here are stronger, more experienced, more patient. They
know that clear signs are showing that things are changing and that optimism should apply to
the future, even if growth was much slower than expected (or dreamt !).

There is a wide variety of optical fibre sensors which are difficult to discuss all in a single
presentation, but let us take some significant examples. The fibre-optic gyroscope is clearly
seen by the inertial guidance and navigation community as the important new technology. It is
starting to fly on commercial aircrafts, and is finding a lot of various applications. An
impressive accomplishment has been realized by Hitachi producing 2000 gyros per month for
automobiles with a cumulated number of more than 50,000. Distributed temperature sensors
based on sophisticated non-linear phenomena are now deployed, in particular for petroleum
applications. Compact micro-cavities placed at the tip of fibres provide accurate measurement of
various parameters (pressure, temperature, index of refraction...) using white light

SPIE Vo!. 3483 e 0277-786X/98/$10.00
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interferometry for remote sensing in harsh environment. Acoustic arrays, developped by NRL,
are used at sea, as well as current sensors for very high voltage power lines in the field.
Biological and chemical sensors are also finding their first applications after a complex
interdisciplinary development.

Finally in-fibre Bragg gratings, which came later in the field, are may be the hottest R & D
subject today. This technological breakthrough is bringing reality to smart structures and array

sensing.

All these facts show that the answer to the title question is clearly yes ; and that reminds me a
dinner with friends where I met a specialist of sensing at Schlumberger. We casually discussed
about our work and potential use of optical fibre sensors in the petroleum industry. Smiling, he
told me : "You are kidding ! Nothing for the next ten years". It was in 1988 !
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ABSTRACT

Fibre-optic monochromatic interferometers have the significant advantage to measure
displacements, fibre strain, and other physical parameters using secondary transducers, with
extreme resolution and large dynamic range. In order to maintain their performance in
hostile environment, they can be constructed as remote, electrically passive sensors. In a
critical survey of components, architecture, and applications of fibre-optic interferometric
sensors and sensor networks, their practical results and specific problems are discussed.
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1. Introduction

The ability to make distributed measurements on extended structures is of increasing importance.
For example, the measurement of strain distribution on aircraft operating close to their performance
limits, the distribution of temperature in boilers, pressure vessels, high voltage transformers etc.,
are all examples of application areas where the distributed measurement of critical performance
parameters offers an additional dimension for purposes of monitoring, control or the improved
understanding which can lead to significant enhancements in design.

Optical fibres, via the linear and non-linear effects which they sustain, offer unique advantages for
distributed sensing. However, in order to achieve optimum performance appropriate to a given
measurand and measurement environment, careful matching of system to environment, and detailed
system design are necessary.

This paper highlights some of the system optimisation methods which we have studied recently,
with a view to providing improved system performance and thus greater application flexibility.

2 Forward-Scatter and Backscatter Methods

Most distributed optical-fibre methods employ non-linear optical effects. The fundamental
reason for this is that these effects exhibit varied and distinctive responses to external measurands,
thus providing for a range of applications-specific sensors.
Backscatter methods, employing the OTDR technique for spatial resolution, have the advantages
of high sensitivity and single-ended operation. Their disadvantage is that of a low-level signal
and thus a long response time, resulting from the necessity to integrate over many pulses.
The forward-scatter techniques, usually employing counter-propagating pulse-wave interactions,
generally are of lower sensitivity and (normally) need access to both ends of the fibre, but they
often provide sufficiently powerful signals to operate in a single-shot mode, thus leading to a
response time not greater than that of the go-and-return light passage along the fibre.
Clearly, the choice of system must depend on the required system performance.
In this paper we describe three systems, two backscatter systems and one forward-scatter system,
which have been optimised with a view to extending their applications potential.

3. Advances in System Design

The advances in system design, using three established techniques will now be described, in
illustration of the approaches which are necessary in order to provide increased applications
flexibility.

(i) Raman Distributed Temperature Sensing Using Time-correlated Single Photon Counting in

Backscatter
In the standard Distributed anti-Stokes Raman Thermometry (DART) [1] an intense laser pulse is

launched into the sensing fibre. As a result of spontaneous Raman scattering, some anti-Stokes and
Stokes photons are generated along the fibre. A fraction of these scattered photons is captured in

* Now at ORC, Southampton
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guided modes of the fibre and then propagated back towards the launching end where they are
detected by a fast photodetector.

As we try to increase the spatial resolution of the DART sensor, the backscattered photon flux
becomes very weak. Ideally, to optimise the signal-to-noise ratio we should use a detection
technique in which the circuit noise would be negligible and the excess noise factor would be equal
to 1. Then, the only source of noise would be that associated with the photon statistics. A digital
time-correlated single photon counting technique which satisfies these two conditions has been
proposed [2] to improve the spatial resolution of DART sensors. The technique consists of the
repetitive measurement of the delay time between the first detected Raman backscattered photon
and the laser trigger signal.

The experimental arrangement is shown in Fig. 1. Laser pulses from a semiconductor gain-switched
laser are launched into a multimode graded-index fibre through a fibre coupler. The laser pulse
width was adjusted to be 200 ps. Anti-Stokes and Stokes backscattered photon distributions were
measured for different temperatures of the oil bath. The temperature was increased from room
temperate (20°C) up to 115°C in steps of 10°C. The measurement time for each temperature was 1
minute. Fig. 2 shows the normalised traces which were obtained. The FWHM of the spatial
response varied from 3.5 cm to about 5 cm. The temperature resolution was ~ 2°C for a 10 cm. spatial .
resolution [3]. This represents the best performance achieved for a DART system to date.

(ii)  Simultaneous Measurement of Distributed Strain and Tempera sing Brilloui

Backscatter

The frequency shift in Brillouin backscatter has been researched for purposes of measurement of
distributed strain [4]. Since the Brillouin shift is sensitive to both temperature and strain, it is not
possible to isolate changes due to temperature from those due to strain when the fibre is subject to
both. However, the spontaneous Brillouin power is also temperature and/or strain dependent and it
is possible to measure simultaneously the temperature and strain by measuring both the Brillouin
frequency shift and the spontaneous Brillouin power level [5].
We may express the dependences of spontaneous Brillouin power Pp and frequency V on strain and
temperature by the following equations :-

oPp

T= CPG oe + CPTST

B

8v =Cyede + C p 8T
where 6¢,8T are the changes in strain and temperature, respectively, to which the fibre is
subjected.
We obtain the following values for the Brillouin strain and temperature coefficients:

Cye =0.0483%0.0004 MHz / e,
Cyp =110 * 0.02 MHz /K,
Cpe == (1.7 + 14)x107 /pte,

Cpp=(3-6 £ 0-6)x107° /K

where the power coefficients are given in terms of a percentage relative to the power at 300K, Oue.

Fig. 3 shows Brillouin spectra recorded for various points in a fibre (smoothed with a 50-point
running average) interrogated by a special OTDR instrument designed to analyze Brillouin
scattering. The movement in the peaks with strain and temperature can be seen clearly. Double
peaks are seen when the temperature and/or strain distribution(s) vary appreciably over distances
less than the spatial resolution (see Fig. 3). Fig. 4 shows the Brillouin power and shift versus
distance, with the Brillouin power compensated for losses. Here the cross-sensitivity experienced
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by a shift-only measurement system is seen in the form of a pronounced peak in the Brillouin shift
profile at the section of the fibre at 70°C. Fig 5 shows the calculated strain and temperature
distributions.

A further development has shown [6,7] that it is feasible to work with increased laser power, in the
non-linear backscatter regime, by using a linearized Brillouin power which is defined in terms of
the measured Stokes and anti-Stokes powers.

The technique now to be described is a distributed temperature sensor system with a SNR sufficient
to permit distributed temperature measurement in a single shot. Such a system would be useful in
industrial environments that requires rapid hot-spot detection, for example. The experimental
arrangement and the principle used here have been reported previously [8]. In this technique a
high-power, circularly polarized pulse of light launched into a high-birefringence fibre induces a
transient birefringence grating by means of the optical Kerr effect; the grating spacing will be equal
to the birefringence beat length. This results in power transfer between the linear polarization
eigenmodes occupied by a propagating probe wave of similar wavelength to the pump. If the cw
probe beam is at a slightly different wavelength and is counterpropagating with respect to the
pump, the resulting spatial variation of probe wave coupling gives rise to a periodic exchange of
power between the polarization eigenmodes occupied by the probe wave.

The local fluctuation of power at any point occurs at a rate (the derived frequency) that depends on
the value of the local birefringence at the point; thus a measurement of this derived frequency
provides the value of the birefringence at each location which is effectively scanned by the pump
pulse as it propagates along the length of the fibre. Hence the technique permits the distributed
measurement of any physical parameter, such as temperature, that is capable of modifying the
fibre’s birefringence.

The experimental setup is shown in Fig 6. The fibre used (supplied by Andrew Corporation) had an
elliptical core and was operating in a single mode at 633 nm, at which wavelength it had a
birefringence beat length of 4 mm.

Curves (a), (b), (c), and (d) of Fig 7 show the frequencies of the base-band signals for temperatures of
150, 120, 90, and 60°C, respectively. The normalized frequency shift in the base-band signal can be
represented as the percentage change compared with the frequency generated at room temperature.
This normalized frequency variation as a function of temperature is shown in Fig. 8, which shows
the expected linear relationship between the frequency shift in the base-band signal and the
temperature.

This technique could be a valuable asset for measurement of either temperature or strain when the
allowable measurement time is very limited.

Temperature accuracy was + 1.2°C and spatial resolution, although temperature dependent, was

good (0-56 m at 150°C).

4, Conclusions

We have shown that careful attention to optimisation of system design can lead to
significant enhancement in performance for distributed optical-fibre sensing. This enhancement can
make a crucial difference in regard to competing technologies in specific applications areas.
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ABSTRACT

Optical fibre current and voltage sensors for power industry have needed about 20 years
of devleopment time to gradually emerge at the market. The advantageous potential
separation is confronted with an expectation of high reliability and low costs.
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INTRODUCTION

Optical fiber sensors have been developed for more than two decades and are now in practical
use for many different applications. Their advahtageous characteristics, such as high
sensitivity, immunity to electromagnetic interference, small size, environmental stability, and
multiplexing capability, make it possible to measure new physical parameters and to place the
sensors in new environment. We have witnessed many different forms of fiber sensors
optimized for the individual applications, but new sensor ideas are still being introduced. It is
important to take advantage of new fiber component technologies originally developed for
telecommunications applications, such as fiber gratings and rare-earth doped fiber amplifiers.
Since high quality components are becoming available at a reduced cost with increasing use
in communication market, high performance fiber sensors can be readily designed and
manufactured. Even at this stage of fiber sensor development, new sensor concepts are often
needed to overcome the limitations of existing fiber sensors that cannot be dealt with based on
straightforward engineering.

In this paper, as an attempt to stimulate some new thoughts, fiber sensors using Er-
doped fiber (EDF) lasers as a sensing medium and/or a light source will be described. The
fiber laser sensors are different from the conventional sensors with external optical sources in
that the fiber laser cavity is used also as the sensing element. Optical parameters of the laser
output, such as laser frequency and intensity distribution responds to the external
perturbations, and provide unique forms of output that can lead to better performances with
simpler sensor configurations compared to conventional passive fiber sensors. Some of the
novel functions obtainable from fiber lasers can also be utilized to probe sensors.

FIBER L ASER GYROSCOPES

Fiber-optic gyroscopes have been used in the field for quite a few years and the performance
has been improving with the use of a polarization maintaining fiber, broadband optical source
and proton exchanged LiNbO; waveguide for a polarizer and a phase modulator. Efforts have
been devoted to reduce the cost without sacrificing the performance. In recent years, high

SPIE Vol. 3483 e 0277-786X/98/$10.00
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performance fiber gyroscopes have been pursued for undersea and space applications.
Although the traditional fiber gyroscope technologies may provide adequate solutions for
current problems, alternative technologies with radically different approaches have to be
explored for their unique potential. When an active laser cavity is used as the rotation sensing
element of a gyroscope, the reciprocity is automatically satisfied regardless of the
birefringence in the fiber circuit. In the absence of spurious back scattering, it should be easier
to achieve stable bias, and the stringent requirements imposed on the polarization maintaining
fiber and the polarizer can be removed. Another potential importance of the fiber laser
gyroscopes is that the electronic signal processing may be simplified.

One such example is a fiber ring laser gyroscope based on stimulated Brillouin
scattering [1], that had difficulties with complicated optical and electronic configuration. A
similar device with an EDF as the gain medium [2] had to be modified [3] to yield clean
signal to work with. In the latter fiber ring laser gyroscope shown in figure 1, the basic cavity
configuration is a linear cavity formed by a fiber grating and a Sagnac loop mirror that also
acts as a rotation sensing element. At any given time, there are two mode-locked pulses in the
cavity, and a 1x2 electro-optic switch directs the two pulses in the opposite directions when
they enter the loop mirror. In this way, the laser can be operated as a ring laser gyroscope with
spectral stability (owing to a fiber grating) and minimum backscattering effect (owing to short
pulse operation). The two pulses that traverse the Sagnac loop in opposite directions will
experience different cavity length when the laser is rotating, which can be monitored by
measuring the beat frequency between them. Figure 2 shows a typical beat note. There are
undesirable effects that have to be dealt with; gain competition between the pulses, optical
Kerr effect, and the differential phase shift from the electro-optic modulator. Although the
solutions for these problems are yet to be discovered, this is the first fiber ring laser gyroscope
based on an EDF that produces clean beat frequency output.

Another form of a fiber laser gyroscope that has been studied is also a mode-locked
fiber laser and is shown in figure 3. The laser cavity is formed by a Sagnac loop mirror and a
planar mirror or a fiber grating. An EDF, a diode laser, or a semiconductor optical amplifier
are used as the gain medium [4-7]. The mode locking is provided by the modulation of
reflectivity of the loop mirror generated by a phase modulator, as depicted in figure 4. As in
the case of fiber ring laser described earlier, there are two pulses in the laser cavity, and the
timing of pulses is determined by differential phase shift induced by rotation. Therefore, the
rotation rate can be measured by using a time interval counter with simple digital electronics.
It has been found that spurious back reflections cause deformation of the pulse shapes and
also instability of the pulse intensity, that should be reduced for improved performance.
Amplified spontaneous emission from the optical amplifier, especially for the cases of diode
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amplifiers with fast gain recovery time, is another error source that should be eliminated. The
use of fiber grating helps reduce the amplified spontaneous emission. The sensitivity of 4
deg/hr/ J/Hz and bias stability of 100 deg/hr has been demonstrated with a fiber laser
gyroscope using diode laser amplifier [7].

Despite the uncertainties in the achievable performance, the fiber laser gyroscopes
open up new possibilities that may bring the rotation sensing beyond the limitations of current

gyroscope technology.

POLARIMETRIC FIBER LASER CURRENT SENSOR

A more straightforward application of fiber lasers to sensing is a polarimetric beat detection.
Here, the fiber laser cavity supports two orthogonal polarization laser modes whose frequency
difference is determined by the fiber birefringence. When external perturbations modulate the
fiber birefringence, the beat frequency between them changes that can be monitored as the
sensor output [8-10]. The physical parameters that can easily alter the fiber birefringence
include temperature, stress and strain, and longitudinal magnetic field. It should be noted that

the two eigen polarization modes of a linear cavity fiber laser are always linearly polarized at
the location of end mirrors regardless of the fiber birefringence as long as it does not contain
any non-reciprocal element. If the laser operates in multiple longitudinal modes, the beat note
tends to be noisy both in magnitude and frequency. A solution for this problem was found by
reducing the number of longitudinal modes in each polarization modes to one ortwo [11,12].
The mode control technique involves the use of a saturable absorber and position control of
the gain medium in the fiber laser cavity. The discovery of unique polarization properties of a
fiber laser with a Faraday rotating mirror made it possible to introduce the fiber laser current
sensor with a direct frequenéy read out [11,12]. It turns out that the eigen polarization states
of the laser output at the opposite end from the Faraday rotating mirror are always circular
polarizations making it ideal for current sensing. An example of a current sensor is shown in
figure 5 along with the measured beat frequency shift as a function of applied current to the
solenoid. The particular sensor demonstrated a reasonable sensitivity with direct frequency
readout. The fiber laser current sensor does not have the troubling lead sensitivity that is

another attractive property.

WAVELENGTH SWEPT FIBER LASER FOR FIBER GRATING SENSOR ARRAYS
A novel fiber laser whose output wavelength can be swept in time is applied to the
interrogation of fiber grating sensor arrays [13]. With a broad wavelength span of 28 nm, high
output power of a few mW, and narrow spectral resolution, the fiber laser translates the

change in reflection wavelength of the fiber grating to timing shift of the reflected pulses that
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can easily be measured without the help of complicated wavelength dispersive optical
elements. When applied to a sensor array, the individual sensors with different reflection
wavelengths are registered at different times within a wavelength sweep cycle. The
arrangement is shown in figure 6. Strain measurements can be done as shown in figure 7.
Resolution of 0.47 microstrain at a sampling rate of 250 Hz has been demonstrated [13]. This
approach may lead to very simple fiber grating sensor arrays with high sensitivity.
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Figure 3: Schematic of the mode-locked fiber laser gyroscope. FBG, fiber Bragg grating;
EDF, erbium doped fiber; PM, PZT phase modulator.
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Introduction
The process of embedding an optical fiber into a host medium is often accompanied with high

pressure and high temperature. It is expected, therefore, that during that process significant
birefringence will be induced into the embedded fiber. In this paper we consider the effect of
the induced birefringence on the behavior of a specific sensor: a fiber optic radio frequency
(RF) interferometer strain sensor (Fig. 1).

Strain
Optical Fiber

Mixer
cos(ot) | cos[o(t-T )]
RF Cable
cos(®T)

Fig 1: A fiber-optic RF interferometer strain sensor

This sensor utilizes an embedded optical fiber and RF interferometry [1] to measure the
average strain in a composite structure, which was in our case a composite laminated plate.
Instead of using the rather too sensitive optical interferometry, the light intensity through the
embedded fiber was modulated at GHz frequencies and the detected signal was electronically
mixed with a reference at the same RF frequency. The resulting signal is the cosine of the RF
phase, which depends upon the optical length of the embedded fiber. Under longitudinal
loading stress, the plate is strained and it is the purpose of the RF fiber-optic sensor to
measure the longitudinally-average strain.

Since carrier modulation is involved, all delays are determined by the relevant group velocities
and the corresponding analytical description of the propagation can only be formulated using
the Principal States of Polarization (PSPs)[2], because, by definition, they do not depend on
wavelength to first order. Assuming the input optical signal to be E(t,z = 0) = e(t)e™e,,
where &, is a unit Jones vector representing the input state of polarization and e(t) is a slowly

varying function of time, describing the RF modulation, the output optical field at z=L is
expressed by:

E(@t,L)= c+éo+e"[°°"t7¢*(w”)]e(t - 1g+) + cﬁéo_ei[m"'_q"(w")]e(t - tg_) (1
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Here c, are the projections of the input state of polarization (SOP) onto the input PSPs,
7. and €, are, respectively, the corresponding group delays and output PSPs, and ¢¢(®o)
are two phase delays (which are of no importance for RF interferometry). The group delay
difference between the PSPs (1,, — 1, ) is commonly termed the Differential Group Delay
(DGD) and is widely used as a measure to the Polarization Mode Dispersion (PMD) in
fiber-optic communication [3]. Clearly, in the presence of nonzero DGD, the measured RF
delay will depend on the values of ¢, , which may change during the plate loading.

In this paper we show that the embedding process increased the DGD of the embedded fiber

by almost two orders of magnitude. Moreover, the measured PSPs and DGD considerably
varied with the straining force. This phenomena led to variations of c,, resulting in

polarization-related fluctuations of the measured strain, also described below.

Theory
Under RF modulation, the envelope of the electric field, e(t) , is expressed by

e(t) o< ‘,1 +mcos(m ,ft) (0 <<®,), so that, following Eq. (1), the detected microwave

signal at the receiver end is a weighted sum of two delayed versions of the original modulating
signal, each with a different delay:

V(t) o« |c+ |2 Cos[w'f (t T )] + |c—|2 cos[w'f (t T )] (2)

= A(strain) cos[a),f (t ~ Ty (strain))]

The strain dependent amplitude, 4, and the strain dependent delay time, 7, , are given by
(defining 7, = }L(Tg+ + rg_) and DGD=t,, -7, ).

A= ‘/1 +2|c+ ]2 |c_|2(cos(m ,fDGD) - 1) ~1 €))

vy =%, +30GD(e, [ ~le_)

Here we used: |c,

’ +|c~|2 =1 and @,DGD <<1 . The latter assumption was confirmed by

our measurements as will be described in the following section. Finally, ¥(¢) is mixed with a
reference at the same RF frequency @, and at the mixer output around DC is:

U= Mcos(c) g (T — 'c,)) @

Here 7, is the delay along the reference arm. Expressing 7,, as a sum of its unstrained value
and a strain induced deviation: 1, = 1‘;7 +87,,, and assuming that o . is properly adjusted

so that cos((n ,f(rgﬂ - ‘Ey)) =0 and sin(w ,f(ri’ﬂ -1, )) =1, we obtain (7, does not change with

the strain):
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U=M sin(oa rfﬁteﬂ,) )

fef)

The last two lines state that the response of the sensor can be represented by two terms: the
first, U, = Mo 87, is proportional to the average strain along the sample, while the second

~ Mo 8T, +3 Mo rfS[DGD(C+
=U,+3U,

term, U, = Mo ,fS[DGD(c+ ’ ~|c_|2)] fluctuates as the weights c,, ¢_and the DGD vary

during the plate loading.

When the plate is loaded, T, changes as a result of two major effects: the fiber length, , is

changed by &/ and its refractive index, 7, also changes due to the strain-optic effect by 7.
Following [3] the total change in 7, is:

1 ol
&7, =Z(n51+16n)=Cfgs , e=T7
(6)

Where c is the speed of light, € is the average strain within the fiber, and C depends on the
Pockels constants and the Poisson ratio of the fiber.

Experiment and Results

The average strain along a longitudinally loaded composite laminated plate was measured
using the fiber optic RF interferometer (Fig. 1). An RF signal generator operating at 2.5GHz
was used to modulate the intensity of a 1.3 optical transmitter. The dependence of the
longitudinally-average strain on the applied force, as measured by the RF interferometer
appears in Fig. 2. The output of the RF interferometer does increase with the applied force but
its value fluctuates around the expected linear dependence (A resistive-type electronic strain
gauge, glued to the plate surface near its center, has indeed produced a smooth straight line).

0 2 4 6 8 10 12 14 1B
Toadiy
Fig. 2: Strain Vs. applied force

To confirm our explanation for the fluctuations we measured the PSPs and their DGD as
functions of the applied strain, using the Jones Matrix Eigen Analysis method [3]. The
variations of the PSPs are plotted in Fig. 3. The polarization characteristics of the down- and
up-leads (regular SMF28 fibers about 10m in total) were separately evaluated using equivalent
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fibers of the same lengths. The birefringence of these leads was found to be very small as

attested by the low measured DGD (< 107" sec) and the fact that the PSPs barely changed
with wavelength over a 30nm range. Once the DGD and PSPs are obtained for a particular
stressed condition of the composite plate, the projections of the input SOP on the PSPs, ¢,
can be evaluated, and the fluctuations in Fig. 2 can be directly calculated from Eq (5).
Unfortunately, the setup under study did not allow for a measurement of the input SOP. Thus,

? —|c_ |2) over all

we estimated the amplitude of the fluctuations by finding the mean of abs(c+

2 ‘c_l2 and the values of

possible input SOPs which was 0.4. Combining this estimate for
the DGD, which fluctuated between 0.1-0.4 psec, one can predict the fluctuations in Fig. 2 to

be on the order of 65 microstrains. This is in general agreement with the measured data of Fig.
2.

¢,

Fig. 3: Variation of the Principal States of Polarization during the loading of the plate

Conclusion

The effect of PMD on the behavior of a fiber-optic RF interferometer strain sensor was
studied. The existence of PMD, induced into the embedded fiber by the embedding process,
perturbed the linearity of the sensor, introducing sizable fluctuations in the measured strain vs.
load curve. Since group velocities are involved, the PSPs were used to analytically describe
these fluctuations. Moreover, it was also found that the PSPs of the embedded fiber depended
considerably on the wavelength, indicating that the birefringence induced in it was not uniaxial.
Thus, a simple analysis in which the embedded fiber is modeled by an high-birefringence fiber
was inappropriate and a more general approach was needed. Using this approach a correct
estimate to the size of the fluctuations was obtained. The observed phenomena may have
important ramifications in other embedded fiber-optic sensors as well.
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1. Introduction

Rare earth doped fibres have made a significant impact upon the development of
effective optical communications systems. The authors' and others? have extensively explored
the use of these rare-earth doped materials in fibre optic high temperature probes, to enable
measurements over a wide range. For high temperature measurement (>500°C) pyrometry and
blackbody techniques have been favoured historically, but at lower temperatures, due to the
long wave nature of the emission, such methods tend to be less accurate. There has been a
need to develop techniques which cover both the upper and lower ends of the temperature
spectrum, in a stable and reliable way, from temperatures as low as those of liquid nitrogen
(77K) to the temperatures experienced in furnaces and engines. Fluorescence-based methods
offer such possibilities but have been restricted historically by the materials aspects of the
construction of an effective sensor probe. Using optical glasses doped with appropriate
luminescent ions (Nd3+) and conventional cements, in a tailored mechanical probe,
temperatures as high as approximately 400°C were reached in early research™™

To extend on this, the Nd-doped optical fibre probe, employing a fluorescence decay
measurement method, has been shown to cover the range -190°C to +750°C (with a precision
of +3°C), making it suitable for use in the turbine high pressure compressor area of an engine
under test'. Such doped fibre probes are compact, relatively inexpensive to fabricate and
operate over a wide temperature range. Their intrinsic nature offers many advantages, but for a
number of applications in testing and evaluation there is a need for even higher maximum
temperatures. However, degradation in the sensor performance at higher temperatures which
was associated with irreversible fluorescence quenching and chemical/material changes, has
limited the application of the technology as a more general aero-engine temperature probe for
use in the higher temperature regions, such as the high pressure turbine blade area, where
temperatures can reach up to 1300°C.

In the search for alternative fluorescent doped optical fibre, suitable for a temperature
sensor probe which would operate up to even higher temperatures and over a wider dynamic
range than Nd, Er-doped optical fibres attracted early attention. Firstly, the dopant erbium has
a melting point which is much higher than that of neodymium and its atomic weight is also
much higher. These indicate that the erbium dopant would behave more stably at high
temperatures, both chemically and physically, by being less reactive and mobile within silica
(SiO,, the host material of the optical fibre) than the smaller and lighter Nd dopant. Secondly,
due to the rapid development of the optical fibre amplifier for telecommunications use, Er-
doped fibres are commercially available with a wide range of doping concentrations. A further
alternative is thulium (Tm) doped fibre. Tm is a rare earth ion, which is available doped into
optical fibre, and such fibre has also been designed primarily for use in telecommunications
applications.

SPIE Vol. 3483 e 0277-786X/98/$10.00
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In this paper, the characteristics of several rare earth doped fibres are tested, especially
in terms of their capabilities for a wide measurement range and sustained exposure to high
temperatures. This aims to extend the investigation of the basic characteristics of such fibres
carried out previously, and to evaluate the comparative advantage of Nd, Er and Tm-doped
materials.

2. Experimental arrangement

The opto-electronic arrangement used for the measurement of the fluorescence
characteristics of the temperature sensitive fibres is illustrated in Figure 1. Following upon the
earlier success of Nd doped fibre, several other doped fibres were examined to try to achieve
better high temperature performance.

The doped fibre under test, initially Er-doped, is fusion-spliced to a plain 1550nm single
mode fibre. The latter fibre is connected to the 980/1550nm arm of a 980/1550nm wavelength
division multiplexer (WDM) which has an isolation of 23dB against 970-990nm and 26dB
against 1540-1560nm in the 1550nm and 980nm arms respectively. The sensor head, along
with part of the transmission fibre, is loosely placed inside a fused quartz sheath, to minimize
any stress caused by mismatching between the fibre and the sheath. The resulting test probe is
inserted into a thermostatically-controlled oven or freezing mixture to yield the required
calibration temperature.

The excitation light (from, for example, a LD in Figure 1) is coupled into the 980nm
arm of a 980/1550nm WDM. Preliminary tests of this experimental arrangement have been
carried out, using 650nm, 800nm and 980nm laser diodes as well as an argon-ion laser
operating at 514nm as excitation sources. Here, for light sources other than 980nm, the
980/1550 WDM works as an 1x2 fibre coupler. The setup demonstrated that Er fluorescence

could be efficiently excited at

these wavelengths. However, the Plain optical fibre

argon-ion laser offers little LD *, Er-doped fibre
\

prospect for practical
applications due to its bulky size
and inflexibility in - operation. Oven
Thus, after this preliminary test, PD *4 § Quartz sheath

all subsequent experiments were Fjgure 1: Opto-electronic arrangement for the measurement of the
carried out using the laser diode fluorescence characteristics of Er doped fibres.

sources only.

More than 90% of the Er fluorescence passed to the 980/1550nm arm of the WDM, in
the band 1540-1560nm, and was guided into the 1550nm arm. It was detected by an InGaAs
photodiode with a spectral response from 1100nm to 1700nm, and the fluorescence decay
signal was processed using the phase-locked detection technique or was recorded for
waveform analysis by a desktop computer via an analog-to-digital converter (A/D).

3. Characterizing the Er-fibre sensor system

A number of tests were carried out on the Er-doped fibre probes, in order to investigate
more fully and extensively their performance, extending from that reported in the preliminary
work of the authors®.
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3.1 Initial Calibration

Temporal decay waveforms of the fluorescence in Er-doped fibres of three different ion
concentrations were obtained. Before being subjected to high temperatures, the fluorescence
decay of the three doped fibres of different concentrations was investigated and showed a near
ideal single exponential feature. After being exposed to 950°C for ~24 hours, the single
exponential feature in the temporal decay waveforms was still preserved for the fibres with low
Er dopant levels. However, a small
departure from the ideal single

L

exponential feature was observed from 00 LS
the decay curve of the fibre with the Er s
dopant level of 4370ppm. _ ::::
To compare the thermal &
characteristics of the fluorescence decay g s
between Er doped fibres of different £ *°°
active dopant levels under similar 2 2000
conditions, probes were fabricated § 400
comprising the three doped fibre 3 Zf
samples (Er: 200ppm, 960ppm and 100
4370ppm) in a quartz sheath. The &
results of the calibration, over the wide ok 00 0 0 0 0 0 A o S G
range from ~196°C to +950°C are ol it i i

=200 0 200 400 600 800 1000

shown in Figure 2 for fibres doped at
200, 960 and 4370ppm Er (all three
show similar profiles displaced one from  Figure 2: Thermal characteristics of Er-doped fibres which
the other). Additionally, for comparison have been annealed at 950°C for ~24 hours (with other

data for Nd and Tm doped fibres, doped fibres for comparison).
obtained in a similar way, are shown.

Temperature (°C)

3.2. Thermal cycle tests (0-1100°C)
These tests were designed to investigate the effect of annealing and thermal cycling,
which had been seen to have had a profound effect upon the performance of the Nd-doped

fibre and crystals or garnets in our previous work”.
Prior to the calibration process, the Er doped fibre probe was annealed at 1100°C for
~140 hours. The change of the fluorescence lifetime during the annealing period was recorded




and depicted in Figure 3. This shows
that upon reaching 1100°C, the
fluorescence lifetime remains constant
at ~3ms for ~30 minutes, but then it
drops dramatically down to ~1.6ms.
This was followed by a gradual increase
in the value of the lifetime over period
of ~50 hours. After that, the lifetime
settled at a stabilized value of ~1.9ms
and its fluctuation was within the limits
equivalent to a +5°C change in
temperature, which correlated with the
estimated temperature stability of the
oven heater used.

The calibration graph of the
lifetime during a series of thermal

3.0

N
o

Lifetime, T (ms)

g
=]

1.5
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Figure 3: Temporal response of the fluorescence lifetime of
the Er:200 ppm doped fibre during annealing at 1100°C.

cycles from 0°C to 1100°C, taken after the annealing process, is presented in Figure 4. All
lifetime data can be fitted closely to a 6th order regression curve as is shown in the figure.
Deviations of these data from the regression fit are depicted in the upper graph of the figure.
They are within the region equivalent to +5°C changes in temperature and they show no

indication of hysteresis in the lifetime
measurements.

4. Discussion

In this research, the focus was upon
the investigation of a stable region of
operation of a doped fibre probe, over a
wide range and extending to high
temperatures (7>1000°C) While the Nd
fibre probe showed a good response up to
750°C, attempts to use it at higher
temperatures resulted in the Nd lifetime
measurement becoming unstable’ and the
probe being of limited value for
measurement beyond that. The results of
this work confirm that the Er doped fibre
can operate successfully over a wider range
and at higher temperatures than the Nd-
doped fibre (750°C) and consequently stable
operation was observed for temperatures up
to 1100°C, beyond which some drifting

Error (%)

Lifetime,t {ms)

10

—&— At from Regr
45°C limits

P |

REF. POST1100 SPW
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Integrated intensity

e Jifetime data
—— 6th order Regr
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1 1 PR ST | 3

N L 10-
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Temperature (°C)
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Figure 4. Thermal graph of fluorescence lifetime of
the Er:200ppm doped fibre during annealing at

1100°C.

occurs in the measured lifetime of the fluorescence emission, setting an effective upper limit on
performance. Further, stable performance in the region down to -196°C was observed,
confirming the wide dynamic range of use for the probe.
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1. Introduction

This paper presents the performance of a TPD FO hydrophone with Hydrostatic Pressure
Compensation. In particularly a comparison with a conventional piezo hydrophone system is
discussed.

2, Sensor design

The TPD hydrophone is based on a flexural disc [1]. In the disc type of FO hydrophone, the
sensing leg of a FO interferometer is coiled and fixed firmly on the disc. Pressure sensing by the
disc type of FO hydrophone is based on the bending induced surface strains of the disc due to
uniform pressure. This simple design can be easily extended to a push pull system and/or an
acceleration canceling system [2].

Sensitivity of the disk type of FO hydrophone -
In a FO hydrophone, the normalized sensitivity S, is defined as the ratio of the strain € in the

sensing fiber and the applied pressure p:
s =078% )
p

where the factor 0.78 is a result of the photoelastic effect of strain in the fiber. For the disc type of
FO hydrophone, S, depends on the flexibility of the disc while the absolute sensitivity S, is
proportional to the product of S, and the length L; of the sensing fiber. An higher absolute
sensitivity can be achieved by either an higher normalized sensitivity or a longer sensing fiber.

The length L of the sensing fiber in a fiber coil with inner radius b, outer radius ¢ and a fiber
diameter D can be calculated as:

T2 2
LS—D(C ). 2

The fiber diameter D and the inner radius b are determined by the properties of the commercially
available fiber. So, the length of the sensing fiber is determined by the outer radius c of the coil.
In the disc type of FO hydrophone, the outer radius of the coil is restricted by the radius of the
disc. Since a large size of the FO hydrophone is usually undesirable, the length of the sensing
fiber is limited. (For example, for ¢ = 15 mm, b =5 mm and D = 135 pm, L, is calculated to be
about 4.6 m)

SPIE Vol. 3483 e 0277-786X/98/$10.00
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Provided the length of the sensing fiber is limited, the absolute sensitivity in a disc type of FO
hydrophone can only be increased by an higher normalized sensitivity. However, an higher
normalized sensitivity will limit the operation pressure.

Limited operation pressure

In the conventional FO hydrophone designs, the sensor is not able to distinguish the acoustic
pressure from the hydrostatic pressure which is caused by the operation depth. The problem ofa
limited operation pressure is caused by the fact that optical fiber has a limited maximum strain of
about 1%. Regarding Eq. (1), the maximum operation pressure of the FO hydrophone has to be
lower than the pressure P19, which corresponds to a strain of 1% in the sensing fiber (P15 =
0.0078/S,). Consequently, a FO hydrophone with an higher S, will reach the 1% strain at a lower
pressure. In Fig. 1 the relation between P9, and S, is shown. For a certain level of maximum
operation pressure, the normalized sensitivity is limited.

3. FO hydrophone with Hydrostatic Pressure Compensation

To solve the problem of a limited sensitivity due to a desired maximum operation pressure, we
invented an Hydrostatic Pressure Compensation (HPC) mechanism. This mechanism is
implemented in among others our M8c FO hydrophone. The M8c has an high normalized
sensitivity of about -280 dB re 1/uPa [3]. The HPC is found to have no noticeable influence on
the normalized sensitivity while the maximum operation pressure is increased from 0.7 MPa to
more than 3.5 MPa. The normalized sensitivity of M8c is measured as a function of the
hydrostatic pressure and shown in Fig. 2.

4. Comparative experiment between a FO hydrophone with HPC and a conventional
piezo hydrophone system

In 1997 we performed a comparative experiment between one of our FO hydrophones with HPC
and a conventional piezo hydrophone. The response the two systems for a pressure change with
an high amplitude is recorded. During the measurement both hydrophones are put in a pressure
tank and a 200 Hz acoustic signal is applied to the hydrophones (Fig. 3). The output signal of
both systems are displayed in Fig. 4.

At the beginning of the experiment, the pressure in the tank is set at 2.5 MPa. The 200 Hz
acoustic signal is detected by both systems. At t=T0, we opened the valve of the pressure tank,
water flowed out of the pressure tank and the pressure in the tank declined. At t=T1, when the
pressure is dropped to about 0.8 MPa, the valve is closed. Between T0 and T1 the pressure is
assumed to be decreasing gradually while at TO and T1 there was a sudden change in the pressure.

Regarding the piezo hydrophone system, the sudden change in the pressure at TO and T1 results
in an abrupt change in the output signal. During the pressure change from 2.5 MPa to 0.8 MPa
between TO and T1 (about 5 seconds), the piezo hydrophone system was not able to detect the
200 Hz acoustic signal. More important is that even a few seconds after the sudden pressure
change at T1, the piezo hydrophone system was still not capable to detect the 200 Hz acoustic
signal. It took up to t=T2 (T2-T1 = about 7 seconds) before the piezo system was fully recovered.

The pressure change from 2.5 MPa to 0.8 MPa between T1 and T0 has no visible influence on the
200 Hz output signal of the TPD FO hydrophone system. Even the sudden change in the pressure
at TO and T1 did not have any noticeable effect. The 200 Hz acoustic signal is found to be
detected during the whole experiment. This advantage of the TPD FO hydrophone in comparison
to the conventional piezo hydrophone system could be of overriding importance in critical
situations. Detailed investigation of this effect is planned in early 1998.
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Several industrial applications require precise microdisplacement measurements. Optical
intensity modulated sensors are very suitable to meet these needs because they are simple and
cost-effective. Many have been presented that monitor one-dimension displacement in the
direction of the optical axis of the system [1]. Some lateral displacement sensing methods are
based on quadrant or dual detectors [2], and others are based on reflective approaches that
require microprocessing systems in order to obtain the two-dimension position [3, 4]. In this
paper, we present a detection scheme for monitoring 2-D displacements that is based on direct
intensity coupling between fibres. It can be used in industrial applications such as displacement,
position, acceleration, or pressure sensors. Both the transducer head and the associated
optoelectronics are very simple to construct and they employ inexpensive components. It is not
sensitive to ageing and temperature effects, and its measurements have little error that can be
improved by adequate selection of the coupling characteristics of the fibres. We prove the
influence of the modulation function on the accuracy of the transducer, and show the way to
minimise the output error.

The sensor head is composed of five optical fibres, that are depicted in Fig. 1 together
with the X and Y axis. The in-plane movement to be detected changes the position of the
illuminating fibre end with respect to the four-fibre collecting arrangement. The x and y position
parameters are obtained from the light coupled from the former into the latter. As the operating
displacement range is centred on the (0,0) position, the working zone in the coupling curve is the
same for the four receiving fibres, so they all have the same modulation function. Besides, the
collecting fibre bundle is easy to realise in practice by including the fibres in a tube with an inner
diameter equal to 1+ V2 times the diameter of the fibres. The in-plane position of the emitting
fibre, P(x,y), is given by the following expressions:

1 2 2

x=2\/-2—(d3 —-d, ) (1a)
1 2 2

v ALY (e
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Figure 1. Optical transducer head for measuring the two-dimension position of the
illuminating fibre end with respect to the fixed four-fibre arrangement.

where dy, dy, ds, and d, are the transverse distances from the illuminating fibre to the
four collecting ones, and can be approximated by a linear function of the four detected voltages:

d =mV, +n, i=1,2,3,4 2)

Eq. (2) is the modulation function of the transduction process, and it has been obtained
by linearisation of the coupling curve within the working zone, which is limited by the minimum
and maximum transverse distances that can be reached in the measuring range.

The transduction scheme presented in this work implements an approximation of Egs.
(1) that avoids the squaring of the detected signals and makes the output insensitive to
environmental changes. The expression for the x parameter is:

— 1 Vs - Vl] 3

re B )

where p is a weakly variable parameter that is substituted for a constant as follows:
p=(d, +d,)d, +d, -2n)=2d,(2d, - 2n) @

d, is the transverse distance from the (0,0) position to the receiving fibre centres, and has
a value of 1/42 in length units normalised to the diameter of the collecting fibres. The

maximum error of the approximation occurs at the corners of the two-dimension position range,
(A2, +A/2), A being the amplitude of the maximum displacement permitted on each axis. Such
error can be expressed:

o4& TG 9-@T}-
JG--@T G & -2

The relative error in x is the same as the relative error in p, as they are linearly related by
Eq. (3), and can be obtained by dividing (5) by v2(v2 ~2n). The main feature of this error is
that it depends on the value of the n coefficient in the modulation function, and it can be

considerably reduced by appropriate election of the optical coupling curve. Fig. 2 shows the
magnitude of the approximation error as a function of the value of n, for three different

®)
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measuring ranges: 0.1, 0.2 and 0.3, in normalised length units. The error can be made negligible
if the independent coefficient in Eq. (2) is about 1.4, and it can be significant if the value of # is
far from this number. Therefore, the modulation function makes a great difference in the
performance of a sensor using this detection scheme, and special attention must be paid on the
direct coupling characteristics of the optical fibres employed.
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Figure 2. Approximation error as a function of the n coefficient
in the modulation function for some measuring ranges.

The modulation functions for several multimode optical fibre pairs and different axial
distances between them were measured, and practical conclusions were extracted. The coupling
curves were taken by varying the transverse distance in 1-micron steps and averaging the
measurements in 12 directions in the transverse plane. Relative power measurements were made
by dividing the coupled light power by the emitted one. The position of the illuminating fibre was
changed by means of a four-degree-of-freedom computer-controlled micropositioning system. The
mode distribution was stabilised and uniformed both before and after the coupling procedure. The
schematic of the complete laboratory set-up employed is shown in Fig. 3, and a picture is
displayed in Fig. 4. Various types of fibres, both illuminating and collecting, were tested, and
their modulation functions were obtained. Fig. 5 shows two of them, along with their
mathematical expressions for a measuring range amplitude of 0.3. Taking into account their »
coefficients, the approximation error for the first transducer is 3.5 %, while the error of the
second one is 1.4 %. We also obtained that the longer the axial offset between fibres the larger
the value of », and that a larger illuminating fibre helps make the » coefficient closer to the ideal
value. In order to minimise the approximation error the emitting fibre core should be large, and
the longitudinal distance to the collecting bundle must be 6 or 7 times the receiving fibre size. The
linearity error is 1.2 % and 0.6 %, respectively, for the two mentioned modulation functions.

illuminating  collecting
optical fibre  optical fibre

multimode . \ mf)zie
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(s’glt.\l:c: positioning coil ical
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éo?lr detector ¢ relative
coupled
power

Figure 3. Schematic of the experimental set-up for the measurement of
the optical intensity coupling between fibres.
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Figure 4. Laboratory set-up for measuring the direct
coupling function between optical fibres.

Finally, the detection scheme is not sensitive to environmental and external factors,
because they affect the two voltages in Eq. (3) equally. The proportionality factor in both electric
signals derived from environmental effects, such as a change in the light emitted by the source or
in the light lost due to fibre bending or in the gain of both photodetectors, is removed from the
division and does not alter the value of x. Therefore, this transducer compensates for intensity
variations that are not related to the transduction process implicitly, that is, without the need of a
reference arm that monitors the intensity within the system. The y parameter has the same
treatment than the x position.
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Figure 5. Experimentally obtained coupling curves and their associated modulation functions
for a measuring range of 0.3. a) Coupling between two 100/140 fibres at an axial distance
of 500 pm; b) Coupling from a 200/240 fibre into a 100/140 one separated 700 ym.
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To sum up, a four-fibre collecting arrangement has been studied that can be used in a
two-dimension position transducer with high accuracy and potential low cost. Although based on
intensity modulation, it is not sensitive to temperature effects or fibre channel losses, due to its
compensating detection scheme. A method of minimising the measurement error, consisting in the
adequate selection of the optical fibres and their axial distance, has been developed. It allows to
build a fibre sensor with very simple implementation and low error, that can be used either in
static measurements, such as displacement or pressure, or in dynamic ones, such as velocity or
acceleration.

The authors acknowledge support from the CICYT TIC95-0631-C04-01 project.
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L.- INTRODUCTION

Optical time domain reflectometry (OTDR) is a very useful tool used in optical fibre communications
and in sensor networks. The cost of an OTDR instrument prohibits sometimes its use in fibre optic
sensor networks. Desforges et al' presented a scheme that allows the monitoring of 10 to 50 on/off
microswitches along a fibre in industrial environments using retroreflected light. Detectlon of
retroreflected rather than backscattered light improves the number of multiplexed sensors’. In this
communication we present a retroreflecting analog optical fibre transducer for measuring physical
parameters by OTDR. This transducer has a U-shaped single curve fibre optic. It is made of silica glass
fibres in order to realise long distance measurement capability as well as to provide durable sensors.
This transducer is all optical, it does not have any mechanical moving parts. It is analog, not on/off. It is
low cost and easy to implement. First, the transducer
structure, the principles of operation and preliminary
experimental results in a transmissive scheme are
presented. Then the transducer in a retroreflective
scheme is evaluated. Finally, a prospective of use in
quasidistributed measurements employing automated
and optimised OTDR techniques is done.

IL.- TRANSDUCER DESCRIPTION. PRINCIPLES

Microspheres  Metallic reflector Fig. 1 shows the transducer structure and principle of
operation in which the fibre is stripped of its cladding
along a certain length and the stripped section is further
bent into a U shape. A retroreflecting material® is placed
opposite to the bend. This material is composed of glass
microspheres (3M) that reflect the incident optical radiation in a direction that goes parallel to the
incident one. Therefore, by introducing between the bent fibre and the retroreflector an external optical
medium with a refractive index n,, depending of the measurand, the light can be extracted from the core
to the external medium, and then retroreflected into the fibre core, even if the retroreflector is not
perpendicular to the incident light. The very low lateral offset between incident and retroreflected rays,
due to the very small diameter of the glass microspheres, allows the light to be launched back into the
fibre core. Since the critical angle is given by y.=sin" (ny/n,), assuming n., and n,, are the refractive
indices of the fibre core and the surrounding material, respectively, the light output from the fibre and
after launched back into the fiber core is a function of ny,.

IIL.- TRANSMISSIVE TRANSDUCER: EXPERIMENTAL RESULTS

Transmissive transducer without retroreflection was previouly studied®, and following that analysis the
transmissive transducer was simulated, constructed and experimentaly evaluated. In order to verify its
performance in the retroreflective scheme, a transducer using a material with temperature index
dependence was made. A 350 pm radius transducer was fabricated with the aid of a conventional fusion

Fig. 1. Retroreflective analog all-optical
transducer.
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splicer, by means of controlling the stress applied to the fibre and the electric arc lapse time. The fiber
cladding was removed and covered with silicone and its performance was verified in transmission. The
experimental set-up is shown in Fig. 2. The Anritsu MG9002A laser diode launched the light at 820 nm
into the transducer placed inside a climatic chamber HIGROS-15.

The output light was measured with a HP8153A power meter. The set up equipment was fully
automatically controlled
using the GPIB bus by a
computer, which also worked
as an automatic data
acquisition unit.  Several
series of temperature cycles
from 0 to 80 °C, and
viceversa were done.

The experimental results and
7 Climatic Chamber their comparison with the
theoretical  ones,  both
normalised to 0 °C, are
shown in the Fig. 3. In this
figure the lack of hysteresis
in the transducer can be seen. As the refractive index of the silicone decreases when temperature
increases , n(T) = 1.4155-0.000475T (T is the temperature in °C), light loss decreases with temperature
increments. The bending losses are inversely proportional to the relative increment of indices.
Experimental results present a greater temperature dependence, giving a better sensitivity than the
theoretical simulations.

IV.- TRANSDUCER THEORETICAL ANALYSIS IN RETROREFLECTIVE
SCHEME.

Because multimode fibres are to be used for the transducer fabrication, we can analyse their
characteristics using geometric optics methods. For simplicity, the transducer is assumed to have an
ideal U shape, to consist of a fibre that is bent into a semicircle stripped of its cladding. The light
retroreflected by the sensor head, i.e., the ratio of the retroreflected to the input light, can be obtained by
tracing ray paths and calculating the reflectivities at reflection points in the transducer. It was assumed

that most of the optical power
i \ of each ray is lost in the first
point of intersection with the
bend, P;, the reflectivity of the
retroreflector is considered to be
unity, and the optical media are
homogeneous and lossless.
After being reflected on the
retroreflector this power is
launched into the fibre core
going backwards to the optical
input. By means of the Fresnel
coefficients® the reflectivity and
the optical power that comes
Fig. 3. Theoretical and experimental comparison for the temperature| ~ Out of the fibre in each point is
transmission sensor. calculated. Following the Snell
law and after several complex

Fig2. Setupto the temperature with the ducer in which a detail of the
developed
ped tr

ds in the climatic chamber is shown.
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algebraic and trigonometric operations the direction vector r; of the first refraction (see Fig. 4.a) is
calculated as:

=

n ' n 2 \

_;l_gg_.(si -n,-(n;-s;))+n;- 1—(’;&) '[1—("; 'sl)z]) 1)

Where s; an m; are the unitary vectors in the direction of the incident and the normal to the core material
interface, respectively. Then, it is possible to calculate the amount of the optical power lost and it is
given by the transmitance T. After been reflected by the retroreflector placed at the distance d; from the
fibre bend the optical power that comes from the core in a direction r; will be coupled again with an
apposite direction r’; = - r; to the exit one, see Fig. 4b. The reflected light will be incident into the
optical fibre, in a point near to P;. The percentage of optical power that is coupled in the fibre core and
its direction after this reflection can be calculated. In a similar way to (1) an expression for the
direction vector s; of the second refraction is obtained as

so= e (m () Ll—(ﬁﬂ) -[1—(n.‘-r.‘)2]J @

m

Where r’; and n’; are the incident and the normal unitary vectors to the external medium-core interface,
respectively. For this new refraction, the Fresnel coefficients are used again to calculate T, obtaining
the retroreflected power for each ray as TT . The scheme for ray tracing in the bend is 1llustrated in the
Fig. 4.a. Assuming that, from a small area dS on one endface of the bend, a light pencil is emitted to the
direction represented in spherical coordinates (,¢). The intensity of this ray is given by dI = if(r)ig(6)-
dS-dQ2 , where dS = r-dr-da,, dQ = sin6-d0-d¢, and i(r) and ie(0)are light intensities as functions of r and
8, respectively. Assuming the intensities of the ranges in relation to the spherical coordinates given by
ig(r)= constant, (0 <r<b) (3a)

ig(6) = cos(n8/2y), (0 <6 <) (3b)

where cos y=nu/n.,, and n is the cladding refractive index. Thus, by summing up the light for all rays
the expression for the total retroreflection coefficient of the transducer R becomes

11, 0i(6)dsd
[0 6)dsa

This retroreflection coefficient Ry, has been obtained for a step-index 100/140 multimode optical fibre,
with ne,= 1.457 and a numerical aperture 0.28 as a function of different curvature radius. As it is shown
in Fig. 5, the retroreflected power increments as the refractive index of the external medium increases
and approximates to the n,. It is verified that for small curvature radius the losses also increase in the
transducer. Therefore, an adequate selection of this external medium, this transducer can be applied in
the measurement of physical parameters. Particularly, its application to temperature measurement was
proved. Fig. 6 shows the variation of the retroreflected power with the temperature using silicone as
external material. The same statement is applied to the changing of Ry with the bend radius.

The measurement of this retroreflected light instead of the backscattered by means an OTDR is more
advantageous because it introduces a figure of merit M, inversely proportlonal to the pulse with t and
there is no trade-off between dynamic range and spatial resolution’, but it presents the drawback of a
worst resolution in commercial equipment. At present, we are working on the development of techniques
that permit us, by means of getting and processing of the OTDR trace in a computer through the bus
GPIB, automatise the measurements and improve the performance of these equipment in the monitoring
of both reflective and retroreflective optical fibre sensors networks. Previous results have shown that
up to 50 quasidistributed measurement points can be reached with a proper-design.

@
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V. CONCLUSION

A retroreflective intrinsic optical fibre probe with intensity modulation for the measurement of physical
parameters has been designed. It is based in the bend losses of a multimode optical fibre immersed in a
external medium with a refractive index dependent on the mesurand, and a retroreflector. The
retroreflected optical power is index dependent and also dependent on the bending radius of the fibre. Its
behaviour for the measurement of temperature with silicone as external medium, has been simulated and
demonstrated. To increase the sensitivity of the transducer it is important to have an optical fibre
without cladding and small bending radius. Experimental results obtained by the transmissive
transducer are satisfactory and validate the theoretical model of the transducer.

AKNOWLEDGMENT: This work has been supported by the Spanish Ministry of Education and
Science through the CICYT Project TIC95-0631-C04-01.
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|Sensor Reflectivity with Retroreflectorl Retroreflected Power vs. Temperature
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1. Introduction

Fluorescence lifetime based sensors have long since proven their advantages in several
measurement fields, including thermometry[1]. Inherent stability to the source intensity
fluctuations and possible reference-free design give them a unique position among optical
sensors. However, certain issues, such as experimental design (measurement type, dynamic
range) and signal processing to decode information from the fluorescence lifetime, still have
to be addressed. Construction of the sensor influences response time, signal level and degree
of reabsorption in the signal that introduces systematic error[2]. Detector with corresponding
electronics inserts background noise, offset and discretization that all complicate an accurate
determination of the fluorescence lifetime. Problems due to low signal levels have largely
been solved with strong sources (lasers), new materials with high quantum efficiency and
sensitive solid-state detectors.

2.Sensor probe design

All this issues have been challenged in our quest for a production of a simple yet effective
and accurate temperature sensor. In a design phase, a numerical ray-tracing algorithm with
Monte Carlo simulation techniques [3] has been developed in the laboratory to compare and
optimise geometry of several different optical fibre sensors. Two configurations were chosen
as candidates for the sensor. Two-fibre reflection type probe has been optimised for
maximum SNR, with a theoretically predicted gap that closely matched our experimentally
determined optimal gap. A one-fibre reflection type was the second choice, for which a
modified experimental setup was arranged (see below).
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cylinder | disc
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Figure 1. Two one-fibre reflection type probes and two-fibre reflection are presented. Two distinct
options a) R>>Rf (disc) and b) R=Rf (cylinder) are considered with an additional option of mirror-
like surface at the bottom. One-fibre probe collection efficiency is presented as a function of a
dimensionless product of crystal height and extinction coefficient for excitation light.
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Figure 2. Experimental setup for a one-fibre reflection type sensor probe.

Thermometer has been calibrated with a Hg reference thermometer in a temperature range
20+90°C in a thermostated water bath. In a wider range (-200°C+220°C) K type
thermocouple has been employed utilising a simultaneous dip in the dewar vessel half filled
with liquid nitrogen for the cryogenic region and an oil bath for temperatures larger than
100°C. Signal from a photodiode was digitised with a PC-MIO-16E National instruments AD
card (1MS/sec) and processed in a LabView environment.
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Figure 3. a) Calibration curve. Two-level model fit is superimposed on the calibration points.
Discrepancy in the cryogenic region can be attributed to reabsorption effects. b) Stability
representation taking measurements with sensor repeatedly dipped in thermostated water bath.

Calibration and stability are presented in Fig. 3. From the calibration curve a two-parameter
model [6] coefficients were fitted. They are compared in Table 2. with the coefficients
presented in literature. This device is capable of measuring around 10 measurements per
second, with a response time of less than 3 sec. Reabsorption effects were confirmed only in
part, changing the orientation of the crystal and observing up to 3% of lifetime change at
constant room temperature. In the cryogenic region reabsorption effects play a much more
important role, so additional low temperature experiments are currently on the way.
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The reabsorption contribution in both types was again predicted using the modified ray
tracing technique (Table 1). It can be seen that in two-fibre reflection type sensor the
reabsorbed signal forms a significantly larger part of the total signal, introducing a non-
exponential time dependence[2] that can severely influence the processed lifetime. The other
advantage is a possible reduction of the sensing volume (observe last column) that results in a
better dynamic response.

Sensor type Primary rays Secondary rays Tertiary rays Collected signal
(units in mm) (%) (%) (%) (#emitted=3 10%)
Disc 89 9.7 1.2 76024
R=3,R;=0.5,L=1

Cylinder 86 12 1.8 83467
R=0.5,R0.5,L=1

Reflection two-fibre 59 235 10 10071
R=1,R~0.5,L=1,

Gap (around optimum) 1.2

Table 1. Reabsorption data for different probe designs. Primary rays describe event when a excitation
photon was absorbed and emitted fluorescence caught, whereas secondary rays describe events when
emitted fluorescence was absorbed and reemitted...

3. Signal processing scheme

There are in general two ways to measure fluorescence lifetime. One is to excite sinusoidally
and measure the phase lag between excitation and fluorescence[4]. Complex setup and errors
due to nonlinearites and excitation leaking are disadvantages that founded our decision to use
a direct method. A direct method is to excite the material for a short time, measuring the
exponential decay signal when the source is shut off. Disadvantages are necessary high
dynamic range and signal processing that has to take into account background offset
contributions and noise. Several processing schemes have already been presented[1]. The
digital integration scheme implemented in our experiment has also been thoroughly described
elsewhere [5]. It is suited for on-line monitoring due to a feedback loop that is continuously
locking the measurement interval width to a preset multiple of the measured lifetime. This
technique, although in the present experiment completely implemented in software, has a very
simple scheme that can be easily hardwired.

4.Experimental

Two sensor probe designs (Figure 1) have been verified experimentally using an alexandrite
crystal (2x2x1mm). In a multiple fibre configuration a probe with a jacket, spacer and glued
fibres (multiple receiving fibres to increase the signal) was constructed, whereas for one-fibre
probe the crystal has been attached to the fibre with a Varian TorrSeal. To avoid using a beam
splitter in a one-fibre configuration, a mechanical chopper with a silvered surface has been
successfully applied (Figure 2).
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Two-level model Energy[cm™ ] Ts[ps] Tifus]

Experimental fit 842 214712 5.0540.1
Grattan[6] 749 1540 6.6
Walling[7] 800 2520 7.86

Table 2. A two-parameter model coefficients.

5.Conclusions
The design of an accurate sensor has to take into account all aspects of measurement.

Numerical results show us that with geometry optimisation up to threefold increase in SNR
can be achieved. They also warn that though lifetime is an intrinsic quality of the material
used, effects such us reabsorption can induce measured lifetime dependence on geometry,
excitation wavelength etc. An alexandrite based optical thermometer is presented that gives
accurate on-line measurements, with an experimental setup and the processing scheme than
can be implemented cost effectively.
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1. Introduction

In recent years, fibre Bragg gratings (FBG) have shown an enormous potential for strain
sensing in smart structures and composite materials [1]. However, temperature sensitivity of
FBG can lead to significant limitations in their practical application. Besides, in most real
situations, it is often desirable that both strain and temperature be measured simultaneously at
pre-defined positions in the structure [2]. A few techniques have been demonstrated for
temperature-strain discrimination, for example: reference FBG [3], dual wavelength FBG [4],
non-sinusoidal FBG [5], FBG written in different diameter fibre [6], FBG and rocking
filter [7], FBG and long period grating [8], FBG and Fabry-Perot [9], FBG and in-line fibre
etalon [10]. More recently, Sudo et al. have demonstrated simultancous measurement of
temperature and strain using a FBG written in PANDA fibre by measuring the wavelength
shifts corresponding to fast and slow axes [11].

In this paper, we present a demodulation scheme, based on interferometric
interrogation [12], for a FBG written in bow-tie fibre. By selecting independently the
polarisation corresponding to fast and slow axes, it is possible to measure the phase shifts
associated with each of the Bragg wavelengths and determine the temperature and applied
strain. A compact all-fibre interferometer was designed for this propose.

2. Principle of operation

In a highly birefringent fibre, two different FBG can be formed with the same spatial period
A.. This happens due to different refractive indices, n, and n,, corresponding to the fast and
slow axes. Representing by Ay, and A, the Bragg wavelengths associated with each grating,

the following set of equations can be written for temperature and strain dependencies:

A, = 37;;{_, AT+ 37;:'. ‘Ae 1)

This equation is only valid for limited variations of temperature and strain. For large measuring
ranges, cross-sensitivity must be considered [13].

In general, similar temperature and strain sensitivities are expected for both fibre axes, since
the dispersion effects are negligible for such a small difference in wavelengths. In this
situation, the set of equations (1) can not be solved to obtain AT and Ae. However, in bow-
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tie fibre, the extra elements in the cladding introduce anisotropy stress which leads to different
thermal sensitivities for fast and slow axes due to different coefficients of thermal expansion
(typically a factor of three). Strain sensitivities are expected to be similar, since in this case the
wavelength shifts result mainly from change in the grating period. It is therefore possible to
interrogate independently both wavelength changes by using an unbalanced interferometer. The
corresponding phase shifts are given by:

AY,, = a;’{;’ ‘AT + agé" ‘Ae =K AT +K,, -Ae (¢}

where ¢,, =2n-OPD/Ay,, are the interferometric phases. Since a non zero matrix determinant
is expected (A =K, - K, —K,; - K, # 0), the above equation can be inverted allowing AT and
Ae to be derived.

3. Experiment, results and discussion
The experimental arrangement used to simultaneously measure strain and temperature using
a FBG written in bow-tie fibre is shown in figure 1.

FBG
- - - ——Hift—
Hi-Bi
fibre ﬁ
Ae, AT
Fig.1 Experimental arrangement.
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Fig.2 Light spectrum reflected by the fibre Bragg grating (a) and corresponding output carriers (b).
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Light from a pigtailed superluminescent diode (Superlum SLD 561) was used to illuminate an
all-fibre Mach-Zehnder interferometer with 30 cm arms and an OPD of 3.3 mm. In order to
generate electrical carriers, a suitable voltage ramp signal with frequency of 30 Hz was applied
to a PZT stretcher in one of the arms. Light coming from the interferometer was sent to the
FBG. Because the SLD light was partially polarised, a polarisation controller was used to
ensure proper illumination of both hi-bi fibre axes. The grating was written using the phase
mask method in a York bow-tie fibre with B =5.5x10™. The obtained Bragg reflection peaks
are shown in figure 2a. Light reflected from both Bragg gratings is recovered through coupler
C, and conveniently separated in each individual polarisation state by using two in-line fibre
polarisers (although C, and C, are standard 3 dB couplers, only residual polarisation crosstalk
was observed). To improve the configuration, coupler C, and polarisers FP, and FP, could be
replaced by a single polarisation fibre splitter. The two polarisation signals were then detected
and their corresponding phase values were obtained using two lock-in amplifiers. Figure 2b
shows both carriers together with the ramp signal used as reference for phase measurements.

800 —— | = (6.84 £0.02aT deg i a;' 800f ——ap = (0.743 £0.002)ic dog _»°1]
600 |
£
o
o- 1 Il 2 '] A A 1 ] o s A L i 1 .-
204080 B0 700 720 740 0 200 400 600 800 1000
Temperature (°C) Strain ()

Fig.3 Sensor response to applied temperature (a) and strain (b).

To determine K and K,; in equation (2), a temperature change was applied to the FBG
while keeping it unstrained. In a similar way, K,, and K, were determined by keeping the

temperature constant and stretching the fibre. The results are shown in figure 3. Good linearity
is observable, and the obtained sensitivities are:

K, =684+0.02 deg°C™ K, =0.743+0.002 deg-jie™
K, =6.49£0.02 deg°C™ K, =0.754£0.002 deg pe™ 3)

As expected from above considerations, the difference in the thermal sensitivities is the main
responsible factor for the non zero matrix determinant: A=0.34+0.03 deg?-°C™-pe™.
Using the values given by (3) in equation 2, we can solve for AT and Ae and write:

AT| [222 -219] [Ad, 4

Ae| |-191 201 | |A¢, @
To evaluate the resolution of our system when it is simultaneously subject to strain and
temperature change, the following experiment was performed. For Ae =511 pe, AT was

varied in a 100 °C range. The resulting values of Ad, and A¢, were then used in equation 4 to
obtain the sensor output. Analogous procedure was followed in maintaining AT =55 °C and
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varying Ae in a 1 me range. The results are shown in figure 4a. Data in this figure indicates a

maximum error of + 1.3 °C and + 13.5 pie in the determination of temperature and strain,
respectively, for a system bandwidth of 0.26 Hz. An example of simultaneous measurement of
quasi-static temperature and strain is shown in figure 4b (for a straight line in the AT Ae
plane). Figure 5 illustrates the performance of the system in a practical situation. Figure 5a
shows the changes in the carrier phases as strain steps were applied while temperature was
continuously changing. These data were then inserted in equation 4 in order to discriminate the
instantaneous levels of temperature and strain. The results are those in figure 5b.

The results presented in this paper demonstrate the feasibility of using a FBG written in
bow-tie fibre for simultancous measurement of strain and temperature. Although the
interferometric method used in this experiment and data in figure 3 suggest better resolutions
than those cited above, the system performance is primarily limited by the small value of the
determinant, which propagates the relatively small errors in measuring coefficients K [14].
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Fig.4 Sensor output as determined by equation 4 for: (a) applied strain at constant temperature
and temperature changing at constant strain; (b) simultaneous change of strain and temperature.
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Fig.5 Sensor output for simultaneous change of strain and temperature: (a) carrier phases; (b) values
of strain and temperature given by equation 4.

Conclusion o
A demodulation scheme based on interferometric interrogation was presented for discri-

mination of strain and temperature simultaneously applied to a FBG written in bow-tie fibre.
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1. Introduction

The shape of a structure which is known to deform in one-dimension only can be measured
using a single optical fibre with one or more sensing elements multiplexed down its length.
However, to monitor the shape of a structure that can deform in three-dimensions the full
vector strain, or strain field, is required. To achieve this a minimum of three fibres, embedded
in a non-collinear geometry, is required. This approach is unattractive due to the difficulties
and cost involved in embedding multiple fibres and because accurate knowledge of the fibre
separation along their length is required for accurate shape reconstruction.

We have developed a novel vector strain sensing technique based on a single optical fibre
containing multiple cores. Measurement of differential strain between the cores provides
information about bend in two directions and an external reference fibre can be used to
measure longitudinal strain and provide data on 3-dimensional shape. The ability to retrieve
this information from a single embedded fibre will lead to a reduction of the costs associated
with embedding the sensors, to a simpler and more-robust sensor design and thus an
increased range of structural applications. Knowledge of the directional nature of structural
strains will improve the diagnostics when monitoring the health and integrity of composite
and smart structures. Use of broadband interferometric interrogation techniques' will allow
the strain measurements to be temperature-independent, and also enable the measurement of
temperature gradients within the structure.

2. Multi-Core Fibre

The interrogation of a multi-core fibre sensor is most straightforward if the cores are all
single-mode and separated such that there is no significant coupling between adjacent cores.
Our chosen procurement route involved a collaboration with the University of Bath to
develop a technique for pulling multi-core fibres based on their, previously single-core,
photonic crystal fibre structure. Photonic crystal fibre (PCF) is a novel fibre structure which
is made entirely from undoped fused silica®. The fibre contains an array of holes running the
entire length of the fibre, arranged in a hexagonal pattern, with a spacing of a couple of
microns. This repeating refractive index structure with a period of order of an optical
wavelength is called a photonic crystal. A solid silica defect is introduced into the crystal
structure to act as the core of the fibre, and light is guided in this core by total internal
reflection from the cladding, which effectively has a lower refractive index. Such a structure
lends itself to the production of multi-core fibres, by introducing additional defects into the
photonic crystal structure, and allows the core geometry and spacing to be easily varied.

SPIE Vol. 3483 e 0277-786X/98/$10.00
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PCF is fabricated in conventional drawing towers from silica preforms made by stacking
identical circular silica capillary tubes into a hexagonal array. A number of capillary tubes are
replaced by solid silica rods of the same diameter, to act as the multiple cores of the fibre.
This structure is then processed twice through a drawing tower, resulting in a final fibre
diameter of approximately 50um. For the experiments described here a three-core PCF was
fabricated. A scanning electron micrograph of the fibre end is shown in Fig. la, where the
positions of the 3-cores can be identified by the absence of a hole. The hole pitch is ~2.5um,
the hole size ~0.38um, the inter-core spacing ~17.5um. Experimental characterisation of this
fibre has shown the cores to be single mode and essentially uncoupled.

@ (®
Fig. 1. (a) Scanning electron microscope image of the end of a photonic crystal fibre showing three
cores where a hole has been omitted. (b) Near-field pattern at the output of the 3-core fibre with all
cores illuminated at 633nm.

3. Two-Dimensional Bend Measurements

When a multi-core fibre is deformed, a differential strain is introduced between cores in the
plane of deformation, which in turn introduces a relative optical phase difference between
light propagating in the two cores. If radiation from such a fibre is focussed by a lens and the
resultant far-field interference pattern detected, the interference between each pair of cores
can be uniquely identified by the period and orientation of the interference fringe produced.
The relative phase between each pair of cores can be extracted by Fourier transforming the
far-field fringe pattern. This interrogation approach has been used for the initial
demonstration of bend sensing. Other interrogation techniques will be needed for practical
implementation of multiple, well-defined sensor lengths in a single fibre. The experimental
demonstration of two dimensional bend sensing described below is based on a similar
experiment designed by our collaborators at Heriot Watt University.

For this experiment one end of a 30cm length of the fibre was coated with aluminium,
allowing the interference fringes to be examined in reflection. The fibre was held loosely
within a kevlar sleeve and placed inside a metal tube which acted as the bending element,
with a bend length of 23cm. One end of the tube was fixed in a metal block and the other was
attached to an x-y translation stage to allow controlled bending of the tube in two-dimensions
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(see Figure 2). The end face of the fibre was illuminated with light from a laser at a
wavelength of 633nm and light propagated down the fibre, reflected off the aluminium
coating and back down the fibre where the far-field core-core interference pattern was imaged
onto a CCD camera. The optical phase difference for each core spacing was extracted from
the Fourier transform of this interference pattern.

Far -Field Pattem

Polarisers

x-y Translation
Stages

Keviar =
Metal Tube Tube  Microscope 4

\ Objective
T "/ Minor
: Cube
Sem 7 3-Core Beamsplitter
Fixed Metal Photonic
Block Crystal Fibre

Figure 2 : Apparatus for demonstrating bend measurement with 3-core PCF

The first visual confirmation of the ability of multi-core fibre to measure 2-dimensional
bend was observation of the fringes moving in different directions as the end of the tube was
translated in x and y. Fringe patterns were recorded and analysed as the tube was translated in
steps of 0.5mm in x and y independently. The extracted phase differences along each baseline
are shown in Figure 3.
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Figure 3 : Variation of phase difference over each baseline, for translation of the fibre end in (a
p Yy
only and (b) x only.

In order to obtain a quantitative measure of bend sensitivity, it is convenient to convert the
relative phase changes along the baselines into estimates of the orthogonal components, x and
y, along which the fibre end was translated. Phase information from two baselines is needed
in order to calculate x and y, and there are three possible combinations to choose from.
Measurement of x and y can then be obtained by inverting three equations of the form
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b, A cos6, sin®, \'x

¢, - cos, sinf, \y
with i,j = 1,2, i,j = 1,3 and i,j = 2,3. Figure 4 shows the results of the projection of the phase
measurements onto the x and y-axes, demonstrating that x and y can be measured

independently. The different combinations of baselines give very similar results and in
practice the average of these three measurements could be used.
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Figure 4 : Projection of baseline phases onto x and y axes, for the three possible combinations of two
baselines. a) Varying x only. b) Varying y only.

4. Sensitivity to Bend

\
Assuming that the tube and fibre bend as a cantilever, the relationship between displacement
x and phase difference (A9) between cores is

Ap=6.8474
AL

where d is the core-core separation (projected onto the x-axis) and L is the length of the
sensing element. This equation predicts a phase change of 2.53 radians/mm compared to an
experimental value of 2.33 radians/mm. The discrepancy between these values lies well
within the tolerance range of the experimental parameters.

5. Conclusions

Two-dimensional bend sensing has been successfully demonstrated using a single 3-core
optical fibre and the measured sensitivity of phase change to bend is in agreement with
theoretical predictions. The technique has potential in a range of shape sensing and structural
monitoring applications. Future work will include the study of multi-core fibres with different
core geometries, the design of more practical interrogation approaches and means of defining
sensor lengths within the fibre.
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Abstract

Compliant FPI-sensors were used to measure mortar deformation at very early ages with high
strain resolution. An appropriate design of alternative coatings to achieve reliable bonding
between fibre sensor and cement matrix is described.

Introduction and measurement task

The very high strain resolution of fibre-optic interferometer sensors can be used to detect
acoustic emission events and to measure very low strain variations or deformation changes.
Their small dimensions are one more reason that they are preferred as embedded sensors to
measure microdeformations inside a material. In order to take full advantage, additional stress
concentrations around such small sensors caused by mechanical elements, such as driving pins
or lugs to achieve a better frictional joint must be avoided. A special non-reactive (non-
rugged) design of the fibre Fabry-Pérot interferometer (FPI) sensor enables the investigation
of the plastic shrinkage during the first few hours as well as of the drying shrinkage when the
concrete has already attained its final set. Such highly resolvable strain measurements are
required in laboratory research as well as on-site. They can help to prevent harmful damage in
the structure’s service life.

In order to substantiate such highly
resolvable measurements, commonly used
coatings of optical fibres must be replaced
because of their instability under alkaline
cement environment. As described [1],
polyimide (PI)-coated fibres get cracks in
their coating when they are embedded in
cementitious materials. Fig. 1 confirms this
behaviour. Different Pl-coated fibres have
been stored in aqueous concrete extract (pH
= 12,4) for 35 months. The coatings seem to

become embrittled in alkaline environment Fig. | Harmful influenced PI coating
which will then lead to a disturbed strain after storing 35 months in aqueous
transfer. And, the stressed optical fibre can concrete extract.

break if coating pieces dig into it. From
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these considerations follows that, first, a fibre sensor intended for embedment needs a very
thin coating which remains stable in alkaline cement environment for years. And second, this
coating must ensure a good adhesion to the cement matrix. In the following is presented:

e one example of use of non-reactive FPI micro strain sensors embeddable in cementitious
building materials to evaluate the initial deformation of a special grout,

e first results in manufacture of very thin alternative fibre sensor coatings for fibre-optic
micro strain sensors, which guarantee the required strain transfer from the matrix to the
sensor and which help, at the same time, to discourage the alkaline attack from the
matrix to the surface of optical fibres and sensors.

Non-reactive measurement of initial deformation of cementitious mortars

The goal of our measurements was the optimisation of the deformation behaviour of
special mortars which will take place during the early chemical hydration process in the
cement gel. In order to not hinder these deformations of the plastic mortar matrix when it has
not developed enough strength to deform stiff sensors, ,sliding* fibre Fabry-Pérot micro
interferometer sensors were embedded. The principle function of FPI sensors has been
described elsewhere, e. g. in [2]. The end of the leading optical fibre (from the recording
device) is able to slide very well inside the guiding tube. The leading fibre and the tube of the
sensor are not additionally protected and therefore intimately washed by the mortar during
embedment. The length of the tubular sensing element is about 10 mm, the outer diameter 0.5
mm. Only an axial force in the range from 0.15 mN to 0.2 mN is necessary to deform the
sensor. Thus, the sensor is capable to measure displacements when the plastic cementitious
material begins to deform immediately after placing. In order to achieve enough bonding
between sensor and mortar, the cross-sectional area of the first sensors were slightly increased
at its ends. However, this increase could influence the mortar behaviour in the interface zone
to be evaluated. Therefore, alternative ways have been looked for to avoid such source of error
(see below).

Fig. 2 shows the initial deformation of a special grout. It can be clearly seen that at the
beginning of the hydration process the grout swells up (as expected). After about 5 hours ends
the swelling process and a slight shrinkage can be observed. The degree of shrinkage after
passing the maximum of expansion is an important response to characterise the grout's
quality. This example demonstrates the high performance of this sensor design. The
reproducibility of this method could be proved by several measurement with the same mortar
sample. The sensitivity primarily depending on the wavelength of the laser source As (here: As
= 850 nm) and the measuring device was 0.1 pm/m. Temperature changes modulates the
sensing area because of the temperature-induced expansion/contraction of the glass
components. The resulting faulty measurement is - 10 pmv/K in terms of axial displacement
and can be neglected.
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In order to reduce further the disturbance of the mortar’s microdeformation behaviour,
sensors without any increasing elements should be embedded. In the following, first results in
applying new methods for coating fibre-optic micro strain sensors are described.

Sensor treatment to achieve the desired strain transfer and to discourage harmful
influence from the alkaline cement environment

Apart from the problem of instability of commonly used polymeric coatings of optical
fibres under alkaline attacks, they show, generally, poor adhesion to the cement matrix. The e
is a lack of interaction between untreated polymeric surfaces and the cement matrix.
Therefore, we were looking for ways to achieve the desired strain transfer. Two ways have
been gone to get satisfied bond between optical sensor element and cementitious matrix:

¢ Treatment of the decoated fibre surface with silane

e Coating the bare glass surface with a very thin plasma-polymer film, in a smooth as well

as in a structured manner.

Silanized optical fibre surface

In order to discourage alkaline attacks from the surface of optical fibres, two special silane
solutions [4] chosen of the group of hydrophobic agents commonly used for building
protection have been used. The remaining rest activity of non-reacted silanol functionalities of
silane bonded onto the surface may ensure chemical bonds between the modified fibres and
the surrounding concrete matrix. The used silanization procedure and the characterisation of
those fibres with respect to the bonding willingness of the treated fibre surface is described
elsewhere [5]. It was necessary to improve the amount of silanol groups present at the fibie
surface in order to guarantee a silane film onto the fibre surface as tight as possible. For this
purpose, we used an oxygen plasma pre-treatment. The influence of the silane concentration to
the resulting surface properties was investigated. An embedment of such modified glass fibres
in a concrete matrix leads to a remarkable increase in measurable adhesive bond strength
compared to polyimide-coated and chemically decoated glass fibres.
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Plasma-polymerised coatings for optical fibres
An other way to create a protective coating which is suitable for embedment into concrete

matrices is the deposition of a thin chemically bonded polymer film onto the surface of optical
fibres. The advantages of such deposited very thin but tight fluoro-polymer network systems
are that they nearly do not swell in almost all environments, and that they can partly recover
the fibre strength when the usual coating had to be removed for application (e. g. when re-
coated Bragg grating sensors are to be applied). It seems to be very probable that plasma
polymerisation leads to bonding between the surfaces of existing cracks.

We have been created a thin polymer film onto the surface of optical fibres by using a well-
known plasma polymerisation process with different freon gases/hydrogen mixtures [6]. It has
been confirmed by other authors [7] that plasma films are highly adherent to glass and metal
surfaces. The physico-chemical properties of such surfaces can be adjusted by controlling the
chemical composition of the polymer (via the gas mixture). The thickness (100 A to 1 pm)
and the morphology of the polymer films is controllable by variation of the polymerisation
time: Short polymerisation times lead to thin films, longer times to thick and rather roughly
structured polymer films. Fig. 3 shows an example of a structured coating.

In order to improve the adhesion behaviour of the obtained hydrophobic surfaces resulting
from the polymerisation process, an after-treatment, e.g. in oxygen plasma, can be applied to
produce oxygen-containing functional groups on the polymeric surface. These improve the
wetting behaviour by increasing the surface polarity. The polymer deposited onto the surface
of our optical fibres contains aliphatic as well as fluoro-polymeric parts. Contact angles vs.
water ranging from 60° to 120° have been controlled.

Conclusions

A compliant and embeddable fibre Fabry-
Pérot interferometer sensor developed on the
basis of the known EFPI sensor type enabled us
to measure the initial expansion and shrinkage
during the first few hours and days after placing
cementitious building materials as well as over a
time range of several weeks. Such sensors help
to evaluate the deformation behaviour of cement
mortars and other materials, especially as long
as the material develops not enough strength to
deform rugged sensors. An important detail to
be considered is the use of an appropriate
coating. Since usual polymer coating materials
of optical fibres fail, alternative coatings have
been manufactured and tested with regard to
their physical and micromechanical properties.

Fig. 3 Thin coatings (thickness < 1 pm)
applied by plasma polymerisation

It could be demonstrated that silanized optical fibres ensure a better bond to the cement matrix
than untreated polymer-coated fibres. An interesting method will be the use of plasma-
polarised films deposited onto the surface of fibre-optical sensors. Such coatings can be

designed very thin (< 1pm) and structured roughly.
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By this technique one will be able to control the level of adhesion of fibre sensor coatings

either to detect cracks in cementitious matrices or to measure strain profiles in large concrete
components.
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1. Introduction

We describe the use of a four-core optical fibre as the basis of a sensor capable of measuring
the angle through which the fibre is bent in two dimensions. The intended application of the
sensor is in measuring the shape of flexible structures. For example, in coherent imaging
systems based on lightweight antennae, such as in towed hydrophone arrays ! it is essential to
know the shape of the structure in order to be able to reconstruct an accurate image 2

Bending can be measured from the strain gradients in a structure. For example, the bending of
a tube, i.e. magnitude and plane of curvature, could be measured from the differential strains
in its walls. A minimum of three strain gauges would be required in general, as the tube can
bend about two axes. The overall bend angle of a length of the tube can be measured using
long gauges that integrate strain over their length. In principle, many of the reported designs
of optical fibre strain sensors would be appropriate for bending measurements, although
because of their unwanted temperature sensitivity it would be necessary for all of the gauges
to have the same axial temperature distribution in order to yield an accurate result. Given that
it is the transverse strain gradient that is required to measure bending, the gauges must
maintain a constant separation along the whole length of the structure.

In this paper, we argue that multicore fibre offers a near-ideal optical sensing element for two-
axis bend measurement. The fibre that we used has four single-mode cores with an accurately
uniform separation of 42 pm and ensures that these cores are isothermal. We were able to
make high-resolution measurements of the differential core-strains from the far-field
interference pattern of light emerging from the fibre.

We previously showed® in principle that bend angle can be measured using a multicore fibre.
Here, for the first time, we report two dimensional measurements using a practical
arrangement in which the sensing element is addressed in reflection, requiring access to only
one end of the fibre. Using a purpose-built bending rig, we were able to make bend angle
measurements with a resolution of 100 prad over a range of 40 mrad.

2. Bend measurement using multicore fibres

Coherent light transmitted by two cores of a multicore fibre, such as the four core design used
in our experiments, will interfere in the far field to produce an interferogram whose phase will
change with bending. The whole of the fibre acts as the sensor and so the phase change is
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integrated over its entire length. As a result, phase change depends only on the difference in
angle between the start and end of the fibre, and is independent of fibre or bend length. When
the fibre is bent through an angle of A8 in the plane of the two cores, the phase change A® is
proportional to bend angle, and is given by:

4rd

AD = AG 116 @

where A is the wavelength of light used, d is the core separation, the coefficient 1.16 is due to
stress-optic effects’ at wavelength 633 nm, and a factor of 2 is included as the sensor is double
pass. When the plane of bending makes an angle of y with the plane containing the two
cores, A® is reduced by the factor cos . -

Measurement of bending in two planes requires a multicore fibre with at least three cores.
CNET have developed a four-core fibre for use in telecommunications, where the cores are
arranged in a square’ (fig 1). This arrangement is particularly convenient for bend
measurement as the two diagonal core pairs provide independent interferograms relating to
bending about two orthogonal axes.

CNET provided us with a sample of this fibre to investigate its use in bend measurement. We
measured the separation of adjacent cores both using an optical microscope and by far field
diffraction, obtaining a value of approximately 42 +1 um. Each core acts as an independent
waveguide with a single-mode cut-off wavelength of around 1250nm.

3. Experiment

CCD Camera :

Multicore Fibre

7 —
HeNe PBS Objective Metal Sheath

,/ Micrometers

Figure 1 Cleaved face of Figure 2 Schematic of the 2D bend measurement apparatus
CNET four core fibre
The experimental arrangement is shown in fig 2. We deposited a semi-reflective (R~ 80%)
silver coating on the end of the fibre. This allowed us to make measurements in reflection,
while providing some transmission for rotational alignment. Horizontally-polarised light from
a HeNe laser was coupled into all four cores. Due to birefringence in the multicore fibre, the
return from the end face had a substantial vertically-polarised component. We used a
polarising beamsplitter (PBS) to pick off the return signal from the distal face, while rejecting
the near-face reflection.

We recorded the far-field interferogram using a digital CCD camera. The disadvantage of
using the fibre at wavelengths within the silicon window, where it is overmoded, was
tolerated for the convenience of obtaining a two-dimensional interferogram.

The fibre, in PTFE sleeving with an internal diameter close to the fibre’s buffer coating, was
housed inside a steel tube. One end of the tube was held fixed, while the other was displaced
by two orthogonal micrometers, acting on the steel tube via an interface plate. The stiffness of
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the steel tube ensured a smooth and repeatable bend geometry that could be calculated from
the displacement of the end by simple beam theory® . We rotated the fibre inside the PTFE
tubing so that the diagonal core pairs were horizontal and vertical, judged by viewing the far-
field pattern.

We set the bend angle using the micrometers, verifying our beam theory calculation of this
angle using an optical lever, a laser beam reflected off a mirror mounted near the end of the
steel tube. The angles measured by the optical lever agreed with the calculated values,
confirming that the steel tube was behaving as an elastic beam. We captured far-field
interferograms for a range of bend angles about the horizontal and vertical axes.

4. Signal processing

We investigated two approaches to signal processing. In the first, we took a two-dimensional
FFT of the entire far-field interferogram. This FFT contained a pair of peaks corresponding to
each diagonal core pair. The phase of each peak gave the phase of the interferogram for that
core pair. Unfortunately, the two dimensional FFT was time consuming, and this approach
proved sensitive to the effects of overmoding. Our second approach, which is the one we
subsequently adopted, involves reducing the two-dimensional interferogram to a pair of one-
dimensional interferograms by summing along rows and columns of the CCD array. With the
correct orientation of the fibre, each of these interferograms corresponds to one of the
diagonal core pairs. We derived the phase of each interferogram from its analytic signal,
which we calculated by FFT’ .

5. Results and discussion

We first made measurements of phase change due to bending in a plane. Figure 3 shows how
the phases ¢, and ¢y, of the two interferograms varied with bend angle, where the suffixes a
and b refer to the alternate pairs of fibre cores. These graphs show that the core pairs were
almost, but not completely, aligned with the horizontal and vertical axes. Figure 4 shows the
effects of bending over a larger range in the vertical plane. The response remains linear, with
the same slope.
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Figures 3: Phase change due to bending in vertical and horizontal planes.
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Figure 4: Phase change for vertical bending: Figure 5: Measured bend angles for set
extended range values on a grid of pitch 4.69 mrad

If the core pairs were oriented perfectly horizontally and vertically, then ¢, would depend
linearly on 6, and ¢y on 6,. The above graphs show that the cores are slightly misaligned, so
instead these values are related by linear transformations involving both 6y and ©y.
We determined the coefficients in this relationship by least squares fitting to a large number of
measurements made for various settings of O and 6y. We could then invert the relationship,
allowing us to derive values of 6 and 6y from measurements of ¢, and ¢. Figure 5 shows the
results obtained by setting bend angle at a number of points on a grid of pitch 4.69 mrad
recovering bend angle by transforming the measured values of ¢, and ¢v.

The gradients of the graphs in figures 3 and 4, and the coefficients of the linear
transformation, were within 5% of the theoretical sensitivity predicted from equation 1. A
static test on the sensor gave an RMS noise of 0.036 rad in phase which translates to 0.026
mrad RMS bend angle resolution. . A least-squares fit to the grid gave an RMS deviation
between the set and optically measured bend angles of 0.07 mrad in x and 0.12 mrad iny. We
believe that the measurement resolution was limited either by mechanical effects—it
corresponds to an error of 10 um in setting the end position of the fibre—or by the effects of
overmoding. The systematic error apparent in the right-hand plot of figure 3 may be due to
the same cause.

6. Conclusion

We have successfully demonstrated the use of a four-core optical fibre to measure bend angle
in two axes, with resolution in the 100 prad range, and with a sensitivity within 5% of that
predicted by theory. This performance was achieved even though the fibre was operated
overmoded. Longer wavelength single mode operation and improved phase measurement
resolution could be achieved by using either InGaAs array detectors or by interrogating the
cores using tandem interferometry.

The enabling technologies being developed for communications, such as connectorisation®? ,

fusion and mechanical splicing, are making multicore fibres a practical choice for sensor
applications.
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1 Introduction

Our aim is to investigate the use of distributed feedback (DFB) fiber lasers [1] as acoustic
sensors. In this paper we will discuss the various contributions to the frequency shifts
that make such sensing possible, and compare the theoretical results with preliminary
experimental results. In model used in this paper the fiber is spanned perpendicularly
to the wave vector of an acoustic plane wave. The fiber laser used so far has no coating
and a center wavelength of A = 1550nm, but the model is easily extendable to coated
fiber lasers.

2 Temperature and pressure variations in the fiber
at the acoustic frequency

When the pressure of the air varies due to the acoustic wave, the work applied to
compress and decompress the air leads to temporal temperature variations, following
the first principle of thermodynamics, which may be expressed by [2]:

or
dg=pevdl +(co—cev)p| 7| 4V
ov
N Q0
= pepdT = (cp = cv) p s dp
Here q is heat per unit volume added to a differential amount of air, T is the temperature,
p is the pressure, p is the density and ¢, and cy are the specific heat capacities at

constant pressure and temperature, respectively. In the last line of equation (1) the
ideal gas approximation is used. dq must equal heat conducted from the surroundings

[3]:
dg = kV?T dt ()
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Here « is the thermal conductivity. Due to the relative smallness of acoustic pressure
compared with the static pressure, we can usually set T/p & Titatic/Pstatic- By combining
equations (1)-(2) and assuming a harmonic acoustic field with frequency w = 27 f we

thus get:
- Ts atic .
jo AT =~ =V + jwc”—cpi‘i-p—:%—Ap = D, VT + jw AT, ®
P static
T(7,t) = Tatatic + AT(7) - €, p(7,t) = Patatic + Ap(F) - €™

Here Dr,_ is the thermal diffusivity of air. We may neglect the Laplacian term in
equation (3) far away from the fiber, and assume that the process is adiabatic, if:

Dz, (2)° _ Dp,2nf _ 225-1079% .onf
w ¢? (3502)"

~115-10%-f <1  (4)

Here c is the velocity of sound, and typical values [3] for air at 300K are inserted. Thus,
for frequencies up to several MHz, the only significant contributions to the Laplacian
term in equation (3) come from the inhomogeneities caused by the presence of the fiber.
In this paper we are working with acoustic frequencies in the range 100-20kHz, and we
may therefore also safely ignore the spatial dependence of the acoustic pressure in the
vicinity of the fiber. Thus, the temperature field is spatially dependent only on the
radius 7 in cylinder coordinates, and equation (3) simplifies to an inhomogeneous Bessel
equation of the zeroth order with general solution:

w w
ATy (r) = ATo+ Cy - i ‘/. 7| +Cy- Y 1/. . 5
(T) - 0 ' ° ( JDTlil‘ ’r) 2 ° ( J'DTuir r) ( )

In silica there is no significant acoustic generation of heat, and thus the temperature in
the fiber is determined from a homogenous Bessel equation with general solution:

w w
ATgper(r) = Cs - Jg - 1) +Cy- Y - . 6
Boar( ) ? 0( D1y, ) * 0( iDryea ) ( )
The constants Cy 534 in equations (5)-(6) are found by using the boundary condition
Jim AT(r) = ATy and requiring that both T'(r) and its derivative are finite and contin-

uous everywhere.

The total frequency shift of the laser at the acoustic frequency can now be found
by adding the frequency shifts due to the temperature and pressure variations in the
fiber. The temperature sensitivity of the Bragg wavelength is approximately AMA =
8.85-10~6K~1AT [4, 5], and ATp ~ 0.85mKPa~! Ap at 300 K and atmospheric pressure.
The acoustic pressure sensitivity has a predicted value of AA/A = 4.5 1071?Pa~'Ap
[6, 7]. Because of the large ratio between the wavelength of the acoustic wave and the
diameter of the fiber, we assume that the pressure is uniform across the transverse area
of the fiber. We assume a Gaussian optical mode [8], and by integrating over the fiber
cross section the product between the intensity of the mode and the temperature trans-
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fer function, the spatial variation of the latter may be accounted for. This correction
was however found to have only negligible effect. The total frequency shift per rms Pa
sound pressure at a temperature of 300K is shown in figure 1. At low frequencies the
total shift is many orders of magnitude larger than the contribution from the pressure
variations alone, and this is confirmed by our preliminary experiments. The thermal
effect is negligible for frequencies above ~8kHz.

RMS frequency shift of laser per Pa rms acoustic pressure
.......... ARENIPINH RIS S AP R I P PR

RMS frequency shift

1 : N : R

10° 10° 10

Acoustic frequency f
Figure 1: The various contributions to frequency shifts per Pa rms acoustic pressure of
a stripped fiber laser. The straight dash-dotted line is frequency shift of the laser due to
pressure variations in the fiber. The dashed line is the contribution from the temperature
variation, while the solid declining line is the sum of the two. The other solid line is the
frequency shift due to longitudinal strain in a tightly spanned fiber laser as discussed in
section 3.

3 Longitudinal strain in fiber due to pressure gra-
dients in the acoustic wave.

Although the pressure gradients of the acoustical field are small for the modest frequen-
cies we have been working with here, the gradients will lead to a transverse force on the
fiber. If the fiber is spanned tightly, this will lead to a longitudinal stress and strain
in the fiber, and thus to a frequency shift of the laser. If the acoustic field propagates
perpendicularly to the longitudinal axis of the fiber, it is straight forward to show that
the rms transverse force Fi,s per unit length of a fiber with radius R and rms acoustic
pressure Ap.m, is:
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/2
Frns = 4V2 AprnsR / cos § sin (EZ—R cos 0) do (7)
0

It may also be shown that the longitudinal stress € in the fiber can be found by numerical
solution of the following set of equations:

52 Fl,\* Fl Fly
Al = =2 . i
KF 1+ (25;) 25, + arcsinh <2Sz> ®
_5_ Al
K I+ Al

Here [, is the distance between the points of suspension of the fiber, Al is the elongation
of the fiber due to the transverse force, S, is the longitudinal force along the fiber axis
and E = K/ (wR?) is Young’s modulus. Note that due to the nonlinearity of equations
(8), the wavelength shift will vary with an even multiplum of the acoustic frequency,
and will therefore not interfere directly with the shifts discussed in section 2. Note also
that this shift would be considerably reduced if the fiber is loosely spanned or is close to
a maximum in a standing wave pattern. Using the same logic, we would suspect larger
noise due to drifts in the air etc. when the fiber is tightly spanned, something that is
confirmed in our preliminary experiments. Equation (8) also requires that F is constant
along the span of the fiber, which is unlikely for very high frequencies. In order to give
an idea of the magnitude of the effect, we solved equations (8) by inserting the rms value
of F for 1Pa rms acoustic pressure, and using lp = 10cm, £ =7.2- 10'°Pa, and a strain
sensitivity of AX\/A = 0.78¢ [5] we get the result shown in figure 1.

4 Conclusions

We have found that adiabatic processes in the surrounding air are important when using
fiber lasers as acoustic sensors for low frequencies. Likewise we have found that the way
the fiber laser is spanned is important for its sensing capabilities. More experimental
work will be done in order to confirm these theoretical results.
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Introduction

The real-time measurement of the vibration of a point in.a large
vibrating object is an application that is often encountered in industry.
Many laser based point vibration measuring devices have been
proposed. All have their advantages and disadvantages and which one
is used is determined by the application conditions. For example, the
optical fiber based vibrometer described in reference 1 has shown to be
appropriate for many industrial applications. This instrument gives real
time vibration information with submicron accuracy. However, if the
vibration amplitude of the monitored point is larger than a few microns,
or if the object has slight transverse displacements, then the device can
not be used (because of speckle decorrelation). There are many
applications where the points of interest are vibrating with amplitudes
as large as several millimeters. This is typical of large vibrating objects.

The technique reported here can be used to measure the
vibration of a point even if the amplitude is as large as a few millimeters

~and, in addition, the instrument is insensitive to small transverse

movements of the object. In the following sections the principle of
operation is described in detail. The experimental setup and results are
given and finally the conclusion reviews the major points.

Theory

Assume that the object of interest is relatively large and
essentially flat (e.g. hood of a car, wing of an airplane, a large ship etc).
Then, the principle of operation can be understood by considering figure
1. The object point is illuminated by a small beam of light that is
structured with a straight line interference pattern. This beam is
incident at an angle with respect to the normal of the object surface (see
fig 1). Lens L images this illuminated spot at plane P. It can easily be
noted that as the object vibrates in the out-of-plane direction then the
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image formed by lens L will move sideways in plane P. A Ronchi ruling
(RR), with period equal to that of the spot image, is now placed at plane
P and the total amount of transmitted light is monitored with a
photodiode (det). This detected signal is then used, with the aid of servo
electronics, to recover the vibration of the monitored object “point” in
real time. In-plane object movement does not make this signal vary.

The sensitivity of the technique depends on the incidence angle
and on the period of the illumination fringes (on the beam) and Ronchi
ruling. However, if the Ronchi ruling period becomes very small then
diffraction effects must be taken into account. For the experiments
presented here the Ronchi period is relatively large and hence,
diffraction effects can be safely ignored.

Experimental setup and results

The fiber projection system used to obtain the “structured” light
beam that illuminates the probed point is included in figure 1. The
light from a 10mW HeNe laser was coupled into an optical fiber
directional coupler (DC) with 50/50 split ratio. The two output
monomode fibers were placed next to each other as shown in figure 1
(with the protective coatings removed at the end). Hence, the cores of
the fibers were separated by a distance of approximately 125um (the
fiber cladding diameter). The beams that exit the fibers expand and
overlap to give rise to a straight line interference pattern. One of the
fibers of the directional coupler had a fiber phase modulator that was
constructed by wrapping approximately 4 meters of the fiber around a
piezoelectric cylinder of 2.5cm diameter (PZT). A lens was used to
“collimate” this beam and an aperture was used to limit its size. Hence,
in this way, a collimated beam that is structured with a straight line
interference pattern was obtained.

DC

ey = AN

servo |- ]

Figure 1. Experimental setup
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In the experiments the beam was incident at an angle 6=17.6°.
Lens L was used to image this “structured” spot onto plane P. A Ronchi
ruling with 50 lines per inch and an aperture were also placed at plane
P. The distance from the object to the lens (and hence from the lens to
plane P) was varied until the period of the image at P was equal to the
period of the Ronchi ruling used. A second lens was then used to image
plane P onto the detector (Si photodide, area 4mm by 4mm).

The vibrating object was a flat piece of cardboard that was glued
in front of a speaker (20cm diameter). By applying a sinusoidal voltage
to the speaker the object would vibrate harmonically with amplitudes of
several millimeters. The lower trace on figure 2 shows the signal
detected when the object was made to vibrate at 100Hz.

{1 1009 2 5.00v E .2V ~0.00s 5.00%/ £E STOP

E

1

Figure 2. Object vibrating at 100Hz and servo off. Lower trace: total
light transmitted through the Ronchi ruling.

The signal from the detector was used as input to a servo
controller (with proportional and integral control) and the output was
connected to the fiber phase modulator (PZT). The servo output applied
a phase modulation to one of the fibers in the directional coupler that
resulted in a shift of the fringes within the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>